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ABSTRACT 
Ionic liquids (ILs) have attracted tremendous interest as extraction phases for a 
number of microextraction techniques in the past two decades. These compounds are a 
class of organic salts with melting points at or below 100 ºC. They possess unique 
physicochemical properties such as negligible vapor pressure, a wide range of viscosity, 
high thermal stability, and can undergo multiple solvation capabilities. The biggest 
advantage for utilizing ILs as contemporary extraction phases in microextraction 
techniques lies in the ability to modify their cation/anion structures to exhibit desired 
selectivity towards analyte(s) of interest. The research work presented in this dissertation 
is focused on the development and exploitation of novel ILs as extraction phases for two 
popular microextraction techniques, including dispersive liquid-liquid microextraction 
(DLLME) and solid-phase microextraction (SPME), to address various analytical 
limitations in the analysis of real-world samples. 
Polymeric ionic liquids (PILs) are polymers prepared from IL monomers. These 
ionic polymers were demonstrated to be considerably robust and selective as SPME 
sorbent coatings. A number of crosslinked PIL-based coatings were prepared and 
chemically bonded to derivatized silica or nitinol supports by UV-initiated 
polymerization. The PIL-based SPME system was coupled to gas chromatography-mass 
spectrometry (GC-MS) and HPLC for the analysis of various compounds including 
pharmaceutical drugs, phenolics, and insecticides. The ratios of the IL monomer, IL 
crosslinker, and photoinitiator, were optimized to provide the best extraction efficiency 
for the aforementioned analytes. The roles of various cations and anions comprised in 
different PILs were intimately studied to gain insight on their selectivity towards the 
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chosen analytes. Extraction parameters were optimized by design of experiment (DOE) 
or as a single variable to achieve the best analytical results. Furthermore, the structural 
integrity and robustness of the coatings were closely monitored, in various matrix 
conditions, to determine the usefulness of PIL-based SPME coupled to different 
chromatographic systems for trace-level analysis. Additionally, a study using PILs as 
SPME sorbent coatings in a combined extraction mode (e.g., direct immersion-headspace 
SPME) was performed for the determination of compounds with varied volatilities. The 
combined extraction mode provided a simple and efficient method to study multiple 
classes of analytes.     
An in situ DLLME method, using ILs as extraction solvents, coupled to LC-MS 
for the analysis of microcystins was also developed. Microdroplets of hydrophobic ILs 
were formed through the metathesis of ILs containing halide anions to their 
bis[(trifluoromethyl)sulfonyl]imide (NTf2-) anion counterparts in the sample matrix. 
Three structurally different ILs, namely, 1-butyl-3-methylimidazolium chloride 
([BMIM][Cl]), 1-(6-hydroxyhexyl)-3-methylimidazolium chloride ([HeOHMIM][Cl]) 
and 1-benzyl-3-(2-hydroxyethyl)imidazolium bromide ([BeEOHIM][Br]), were applied 
as extraction solvents. The [BeEOHIM][Br] IL, consisting of both an aromatic moiety 
and a hydroxyl group, exhibited the highest extraction efficiency and demonstrated good 
recoveries of microcystins in different environmental waters.  
Magnetic ionic liquids (MILs) are a subclass of ILs which are comprised of either 
magnetic cations or anions. Three hydrophobic MILs, namely, aliquat 
tetrachloromanganate(II) ([Aliquat]2[MnCl4]), methyltrioctylammonium [MnCl4] 
([N1,8,8,8]2[MnCl4]), and trihexyltetradecylphosphonium [MnCl4] ([P6,6,6,14]2[MnCl4]), 
ix 
 
 
were developed as extraction solvents in the DLLME of pharmaceutical drugs, phenolics, 
insecticides, and polycyclic aromatic hydrocarbons. In the DLLME procedure, a 
disperser solvent, either acetonitrile or methanol, was homogenized with the MIL in order 
to disperse them into fine droplets. This increased the contact surface area of the MIL 
during extraction and improved the extraction efficiency. Afterwards, the analyte-
enriched MIL was retrieved using a neodymium magnetic rod and directly injected into a 
high-performance liquid chromatograph (HPLC) for analysis. The aforementioned 
approach was faster and simpler compared to traditional phase separation methods in 
DLLME (e.g., centrifugation, lowering temperature). Using MILs containing the MnCl42- 
anion provided a significant improvement over analogous compounds containing the 
FeCl4- anion, since they are less prone to undergo hydrolysis in aqueous sample. 
Furthermore, the MnCl42--based MILs exhibited significantly less absorbance in the UV 
wavelength region (with respect to the MILs comprised of the FeCl4- anion), which is 
highly beneficial for chromatographic analysis.  
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CHAPTER 1 
INTRODUCTION  
 
1.1 A brief overview of microextraction techniques  
Sample preparation is an important step for the analysis of complex samples to 
reduce matrix interferences during chromatographic, spectroscopic, and/or spectrometric 
analysis [1]. However, this is often a bottleneck for many analytical studies due to the 
complexity of sample matrices in addition to the time and resources needed to carry out 
the task. Considerable attention has been focused on the development of cost-effective 
and high-throughput sample preparation methods. Microextractions are among one of the 
most popular sample preparation methods that are cost-effective, easy to operate, and can 
be performed rapidly [2]. Microextractions are techniques that require only microliter-
volume extraction phases during extraction [1]. Compared to traditional extraction 
techniques such as liquid-liquid extraction (LLE) and solid phase extraction (SPE), 
microextractions can significantly reduce the consumption of toxic organic solvents, 
which lower the cost and reduce waste management/treatment.  
SPME has been widely applied in environmental, biological, pharmaceutical, and 
clinical areas since its introduction in the early 1990s [3-7]. SPME integrates sampling 
and sample preparation into one step, which drastically simplifies method development 
and accelerate analysis throughput. As shown in Figure 1, SPME is carried out in two 
steps: extraction and desorption. Analytes can be extracted by forming equilibrium with a 
solid or solid-like SPME sorbent coating. There are two extraction modes that are 
commonly applied in SPME, namely, headspace extraction and direct immersion 
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extraction. The extraction of volatile analytes can be performed by headspace extraction, 
while semi or non-volatile analytes can be extracted in direct immersion mode. The 
desorption of analytes can be performed by exposing the enriched fiber to elevated 
temperatures (thermal desorption) or by immersion in organic solvents (solvent 
desorption). SPME can be coupled to different chromatographic instruments (i.e., GC, 
HPLC) for various analytical tasks. There are a number of sorbent coatings currently 
available in the market.  These sorbent coatings are mostly polymeric materials covering 
a wide range of polarity, such as poly(dimethylsiloxane) (PDMS), PDMS/divinylbenzene 
(PDMS/DVB), poly(acrylate) (PA), polyethylene glycol (PEG).  
 
          Figure 1. Schematic of extraction modes and desorption methods in SPME 
3 
 
 
Dispersive liquid-liquid microextraction (DLLME) is an increasingly popular 
microextraction technique developed by Rezaee and coworkers in 2006 [8]. In DLLME 
(Figure 2), a hydrophobic extraction solvent is added to an aqueous sample solution and 
dispersed into fine microdroplets with the aid of a polar disperser solvent. The formation 
of the microdroplets increases the total surface area of the extraction phase, leading to an 
enhancement in analyte extraction efficiency. After the extraction step, the enriched 
microdroplets can be isolated from the aqueous sample solution via centrifugation and 
subjected to analysis. Traditionally, extraction solvents used in DLLME are hydrophobic 
organic solvents such as carbon tetrachloride, chloroform, toluene, benzene, 1-octanol, 1-
undecanol and n-hexane [9, 10]. However, the selectivity of these organic extraction 
solvents toward specific analyte(s) is broad and may be insufficient for trace-level 
quantification studies. Additionally, the high toxicity of these solvents can affect the 
surrounding ecosystem and require proper disposal after usage.     
 
 
 
Figure 2. Schematic of DLLME procedure 
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1.2 Unique physicochemical properties of ionic liquids (ILs) and polymeric ionic 
liquids (PILs) 
ILs have been exploited as contemporary extraction phases in different 
microextraction techniques due to their unique physicochemical properties [11]. ILs are a 
class of molten organic salts with melting point lower than 100 ºC. They possess 
negligible vapor pressure, high thermal stability, tunable viscosity, varied solvent 
miscibility, and also are capable of multiple solvation interactions [11, 12]. Figure 3 
shows the structures of several common IL cations and anions. Polymeric ionic liquids 
(PILs) are materials which are polymerized from their IL monomer counterparts [13, 14]. 
When applied as microextraction phases, ILs/PILs can be structurally modified to 
enhance their selectivity towards specific analyte(s), enabling trace and ultra-trace level 
analyses with conventional analytical instrumentation.  
         
 
         Figure 3. Structures of common cations and anions used to create ILs 
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The thermal stability of ILs and PILs is an important characteristic to be 
considered when using these materials as sorbent coatings in SPME [6,7]. ILs/PILs with 
high thermal stability are often necessary for the thermal desorption of analytes in a GC 
inlet. Decomposition of the IL/PIL can occur if the desorption temperature within a GC 
inlet exceeds the maximum thermally stable temperatures of these compounds. This can 
lead to the contamination the GC system and may sacrifice the selectivity and integrity of 
the sorbent phase. The thermal stability of an IL/PIL varies for different combinations of 
cations and anions. To simplify the relationship between the chemical structures of ILs 
and PILs with respect to their thermal stability, only perspectives regarding ILs will be 
discussed.  
Based on results obtained from thermogravimetric analysis (TGA), it was 
reported that ILs comprised of imidazolium cations generally exhibited higher thermal 
stability compared to those with tetraalkyl ammonium cations [15]. This may be due to 
the higher propensity of alkyl ammonium salts to undergo elimination reactions at 
elevated temperatures. Substituting protons in the imidazolium cation with alkyl moieties, 
(e.g. alkylating the C2 position of the imidazolium ring), can greatly increase the thermal 
stability of the imidazolium-based ILs [15]. Additionally, imparting linear alkyl 
substituents to an imidazolium-based IL provides better thermal stability compared to 
branched isomers [15]. The anion in the IL can significantly affect the overall thermal 
stability of the IL [16]. For example, imidazolium-based ILs containing the 
hexafluorophosphate (PF6-), tetrafluoroborate (BF4-), or 
bis[(trifluoromethyl)sulfonyl]imide (NTf2-) anion exhibit onset decomposition 
temperatures of up to more than 100 ºC higher than those containing halide anions [16]. 
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The thermal stability of ILs containing the aforementioned anions increases in the 
following order: PF6- > NTf2- > BF4- > Br-, Cl- [16]. As ranked, the smaller the anion 
(higher charge density), the more likely it is to undergo Hoffman elimination and/or 
first/second-order substitution reactions with alkyl substituents appended to the cation.  
 The viscosity of ILs should also be taken into consideration when applying ILs 
as extraction phases in both DLLME and SPME. The viscosity of ILs can affect the rate 
of mass transfer during extraction and can limit the compatibility of the extraction system 
with various chromatographic instruments. A relatively high viscosity is often needed 
when exploiting ILs/PILs as sorbent coatings for SPME. Applying ILs and PILs with 
high viscosities can minimize the flow of these extraction phases into the GC inlet at high 
thermal desorption temperatures. On the other hand, ILs with relatively low viscosities 
are usually preferred for applications in DLLME, since they can be more easily dispersed 
in solution. The viscosity of ILs can be largely affected by different intermolecular 
interactions (i.e., van der Waals forces, hydrogen bonding, electrostatic interactions) [7]. 
Different combinations of cations and anions can produce a wide range of viscosity. The 
1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (C4MIM][NTf2]) IL 
possesses a viscosity of 52 cP at 25 ºC, which is significantly lower compared to the 1-
butyl-3-methylimidazolium iodide ([C4MIM][I]) IL (1110 cP) [17]. The viscosities of 
imidazolium-based ILs with different anions are shown in increasing order as follow: 
NTf2- < CF3CO2- < CF3SO3- < BF4- < PF6- < I- [17]. ILs possessing high structural 
symmetry and anion charge density often display higher viscosities. Additionally, the 
chain length of alkyl substituents can contribute to higher viscosities. In general, the 
longer the alkyl chain length, the higher the viscosity of the resulting IL. 
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The outstanding solvation power of IL/PIL-based extraction phases can contribute 
towards improving analyte selectivity, mitigating sample matrix effects, and maximizing 
the sensitivity of the analytical method. The Abraham solvation model describes the 
solvation capability of ILs with solutes through π-π and n-π, dipolarity/polarizability, 
hydrogen-bond basicity, hydrogen-bond acidity, and dispersion interactions [18, 19]. It 
was reported that the hydrogen bond basicity of ILs can be increased by altering the 
anion based on the following order: PF6- < NTf2- < BF4- < CF3SO3- < Cl-. ILs exhibiting 
high hydrogen-bond basicity can retain hydrogen-bond acidic solutes such as alcohols 
and carboxylic acids. Furthermore, ILs containing electron-rich π-systems (i.e., 
imidazolium cation substituted with aryl moieties) can strongly interact with olefins 
and/or arenes by n-π or π-π interactions. These obtained results can provide insights 
towards understanding the selectivity of ILs/PILs when applied as extraction phases in 
different microextraction techniques.      
 
1.3 Applications of ILs and PILs in microextraction techniques 
1.3.1 Applications of and ILs and PILs in SPME 
ILs were first introduced as SPME sorbent coatings by Liu and coworkers in 2005 
[20]. The 1-octyl-3-methylimidazolium hexafluorophosphate ([C8MIM][PF6]) IL was 
physically coated on a stainless steel wire and applied in the headspace extraction of 
benzene, toluene, ethylbenzene, and xylene (BTEX). The sorbent coating applied in this 
study was disposable for each extraction. In order to improve the fiber lifetime and 
increase IL coating loading, Hsieh and coworkers employed a Nafion layer on a bare 
silica fiber before coating the IL [21]. As a cation exchange polymer, Nafion can undergo 
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electrostatic interaction with the IL and increase the overall stability of the coating. 
Huang and coworkers demonstrated that etching a bare silica support, using an 
ammonium hydrogen difluoride solution, can increase the fiber surface area and promote 
an even distribution of the IL coating on the support [22]. Instead of physically dip-
coating an IL coating to a fiber support, Amini and coworkers chemically bonded the 1-
methyl-3-(3-trimethoxysilyl propyl)imidazolium bis[(trifluoromethyl)sulfonyl]imide 
([MTPIM][NTf2]) IL on the surface of a fused silica fiber. This chemically bonded IL 
coating was reusable up to 16 times, while an analogous fiber prepared by physical dip-
coating can only be used once.     
Although using ILs as SPME sorbent coatings can provide the selectivity needed 
for various trace-level analyses, the applicability of these materials can be hampered by a 
significant limitation. At elevated temperatures, the viscosity of ILs can be significantly 
reduced. As a result, the IL coating can flow off the fiber support during the thermal 
desorption step as a result of the aforementioned viscosity drop. This can contaminate the 
GC inlet and also sacrifice the integrity and analytical performance of the SPME fiber. 
PILs were first introduced as sorbent coatings in SPME by Zhao et al. to address the 
limitations of traditional IL coatings [23]. Three linear PILs, including poly(1-vinyl-3-
hexylimidazolium [NTf2]), poly(1-vinyl-3-dodecylimidazolium  [NTf2]), and poly(1-
vinyl-3-hexadecylimidazolium  [NTf2]), prepared through free radical polymerization 
using 2,2’-azo-bis(isobutyronitrile) (AIBN), were applied in headspace SPME for the 
analysis of fatty acid methyl esters (FAMEs) and esters in wine samples. These PIL 
sorbent coatings can maintain their high viscosity under high desorption temperatures. 
These PIL coatings also exhibited high thermal stability, enabling them to be re-used for 
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over 150 extractions. Feng and coworkers covalently bonded and polymerized the 1-
vinyl-3-octylimidazolium [PF6] IL to a stainless steel wire by in situ surface radical 
chain-transfer polymerization. The fabricated PIL fibers were successfully applied for the 
analysis of BTEX, phenols, and PAHs in water and soil [24]. In their subsequent work, 
the group developed PILs from copolymerizing an IL monomer and an IL crosslinker in 
DMSO [25]. The resulting crosslinked PILs are significantly more stable, versatile, and 
robust compared to their linear polymer counterparts. Sol-gel chemistry was also utilized 
in fabricating the PIL sorbent coatings. Shu and coworkers prepared three sol gel 
composites with different ILs, namely, 1-(3-triethoxysilyl propyl)-3-methyl imidazolium 
[BF4] ([TESPMIM][BF4]), [TESPMIM][PF6], [TESPMIM][NTf2]. These materials were 
observed to be thermally stable up to 285, 300, and 454 ºC, respectively.   
  Aside from the continuing development of thermally/mechanically stable and 
versatile PIL coatings, the selectivity of these materials towards various target analyte(s) 
was also demonstrated in a number of studies. Meng and coworkers imparted a benzyl 
moiety to an imidazolium-based PIL [26]. This PIL showed better extraction efficiency 
and selectivity for PAHs in aqueous samples compared to analogous PIL structures 
containing no aromatic substituents. The enhancement in extraction efficiency is a result 
of the pronouced π-π interaction between the benzyl-substituted PIL sorbent coating and 
the analytes. The role of anion in PIL was also studied by comparing the extraction 
efficiency of volatile fatty acids and alcohols in aqueous samples using two different 
PILs, namely, poly(1-vinyl-3-hexylimidazlium chloride) and poly(1-vinyl-3-
hexylimidazlium [NTf2]) [27]. The PIL containing the halide anion exhibited superior 
extraction efficiency compared to the PIL with the NTf2- anion. This is a result of the 
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enhanced hydrogen bonding interaction between the hydrogen-bond acidic analytes and 
the hydrogen-bond basic anion in the sorbent coating. In another case, the selective 
capture of CO2 was demonstrated using the poly(1-vinyl-3-hexylimidazlium taurinate) 
PIL applied as a SPME sorbent coating [28]. Upon exposure to CO2, the taurinate anion 
comprised in the PIL can react with CO2 to form a carbamate product. This reaction is 
reversible simply by desorbing CO2 at high GC injection temperatures.  
1.3.2 Applications of ILs in DLLME 
In conventional IL-DLLME, a hydrophobic IL is applied as an extraction solvent 
while a polar organic solvent is used as a disperser solvent. Imidazolium-based ILs 
comprised of the PF6- anion have been widely applied in conventional IL-DLLME due to 
its suitable viscosity, hydrophobicity and low cost. Liu and co-workers used the 1-hexyl-
3-methylimidazolium hexafluorophosphate  ([C6MIM][PF6]) IL as an extraction solvent 
and methanol as the disperser solvent in IL-DLLME to analyze four heterocyclic 
insecticides in water samples [29]. High enrichment of the target analytes was obtained. 
This approach was also employed in analogous studies to quantify pesticides, drugs, 
phenolics and other water contaminants.   
Another significant milestone in IL-DLLME is the introduction of in situ IL-
DLLME in 2009 [30, 31]. In in situ IL-DLLME, a hydrophilic ionic liquid is initially 
dissolved in the aqueous sample solution. Subsequently, an anion exchange reagent (an 
inorganic salt comprising of a hydrophobic organic anion) is added to the solution to 
enable the metathesis reaction of the hydrophilic IL to form a hydrophobic IL. The 
hydrophobic IL microdroplets can easily be separated from the aqueous phase by 
centrifugation. Baghdadi first introduced this technique in the analysis of mercury (II) in 
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water samples by applying a hydrophilic IL, namely, the [C6MIM][BF4] IL, and an anion 
exchange reagent sodium hexafluorophosphate (NaPF6) [30]. Yao and Anderson first 
applied in situ DLLME in the analysis of organic compounds (e.g., polycyclic aromatic 
hydrocarbons (PAHs) and other aromatic compounds) [31]. A hydrophilic IL, namely, 
the [C4MIM][Cl] IL, and an anion exchange reagent lithium 
bis[(trifluoromethyl)sulfonyl]imide (LiNTf2) were applied for the extraction. It was 
shown that the developed in situ DLLME reduced the extraction time as well as provided 
higher enrichment factors compared to conventional IL-DLLME.  
 
1.4   Organization of the dissertation  
Chapter 2 discusses the introduction of a novel SPME coating technique, namely, the 
chemically bonding of crosslinked PILs onto the surface-derivatized fused silica support 
by on-fiber ultraviolet photoinitiated polymerization. The PIL sorbent coatings were 
applied for both headspace and direct immersion SPME in aqueous samples. The 
coatings exhibited high thermal stability and low bleed, which were highly amendable for 
coupling SPME to GC-MS without contamination of the chromatographic system.    
Chapter 3 expands the development of PIL-SPME by coupling it to HPLC with UV 
detection. The PIL coatings were crosslinked and chemically bonded onto the surface-
derivatized nitinol support. The fabricated PIL sorbent coatings exhibited high robustness 
and were applied for the analysis of pharmaceuticals, phenolics, and insecticides in 
aqueous samples.   
Chapter 4 describes the determination of compounds with varied volatilities in aqueous 
samples using combined SPME extraction modes (e.g., direct immersion and headspace) 
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in one extraction procedure. Compromised extraction efficiency was obtained which was 
shown to be beneficial for the efficient analysis of multiple classes of analytes that co-
exist in the analytical sample matrix.    
Chapter 5 describes the development of an in situ IL-DLLME method coupled to LC-
MS for the analysis of microcystins in aqueous samples. The 1-benzyl-3-(2-
hydroxyethyl)imidazolium bromide ([BeEOHIM][Br]) IL exhibited the best extraction 
efficiency compared to the other two ILs, namely, the [C4MIM][Cl] IL and the 1-(6-
hydroxyethyl)-3-methylimidazolium chloride ([HeOHMIM][Cl]) IL. The highly sensitive 
method enabled the quantification of microcystins in tap and river water down to sub 
part-per-trillion levels.    
Chapter 6 describes the development of a DLLME method using MILs containing the 
MnCl42- anion as extraction solvents for the analysis of pharmaceuticals, phenolics, 
insecticides, and PAHs in aqueous samples. The applied MILs exhibit lower UV 
absorption and are less prone to undergo hydrolysis compared to MILs containing the 
FeCl4- anion.    
Chapter 7 provides the summary of the completed research projects.  
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CHAPTER 2 
 
 
ULTRAVIOLET PHOTOINITIATED ON-FIBER COPOLYMERIZATION OF 
IONIC LIQUID SORBENT COATINGS FOR HEADSPACE AND DIRECT 
IMMERSION SOLID-PHASE MICROEXTRACTION 
 
Reprinted with permission from Anal. Chem. 2012, 84, 9520-9528 
Copyright © 2012, American Chemical Society 
 
Tien D. Ho, Honglian Yu, William T.S. Cole, Jared L. Anderson 
 
Abstract 
A high-throughput method for the production of solid-phase microextraction 
(SPME) sorbent coatings via ultraviolet (UV) photoinitiated copolymerization of ionic 
liquid (IL) monomers on a fused silica support is described. The copolymerization of 
monocationic and dicationic IL cross-linkers was performed “on-fiber” using UV 
initiated free radical polymerization. Mixtures composed of various amounts of the IL 
cross-linker, UV initiator (DAROCUR 1173), and IL monomer were dip-coated onto an 
etched and derivatized fused silica support and placed in a high-capacity UV reactor. The 
method requires no organic dispersive solvent and is much more rapid compared to 
traditional methods in which polymeric ionic liquid (PIL) sorbent coatings are prepared 
by 2,2′-azobis(2-methylpropionitrile) (AIBN)-initiated polymerization. Two ionic liquid-
based cross-linkers, namely, 1,8-di (3-vinylimidazolium) octane dibromide ([(VIM)2C8] 
2[Br]) and 1,12-di (3-vinylimidazolium) dodecane dibromide ([(VIM)2C12] 2[Br]), were 
copolymerized with an ionic liquid monomer, 1-vinyl-3-hexylimidazolium chloride 
([VHIM][Cl]), to produce polar cross-linked PIL-based SPME sorbent coatings. The 
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cross-linking and immobilization of these coatings make them particularly applicable in 
direct immersion SPME. The coatings were applied in the extraction of polar analytes, 
including alcohols, aldehydes, and esters, from aqueous solutions using headspace and 
direct immersion SPME gas chromatography mass spectrometry (GC/MS). Compared to 
linear PIL-based sorbent coatings containing the same anions, the cross-linked PIL-based 
coatings exhibited higher thermal stability and lower bleed, making them ideal for 
GC/MS. Recovery experiments were performed in deionized, well, and river water. The 
structural integrity of the sorbent coatings, as well as their analytical precision, was not 
diminished after 90 extractions from complex samples using headspace and direct 
immersion SPME. 
 
2.1 Introduction  
Over the past decade, solid-phase microextraction (SPME) has been a widely 
adopted extraction method due to its ease of operation, high throughput nature, and 
significant preconcentration capabilities for a wide range of analytes. SPME is based on 
the partitioning of analytes to a thin sorbent coating that is coated or immobilized on a 
fiber support. One main advantage of SPME over other extraction methods is that it 
combines sampling and sample preparation into one step and does not require 
complicated instrumentation [1, 2]. This technique has been successfully applied in food, 
pharmaceutical, environmental, and even biological analysis using a variety of 
commercially available as well as laboratory fabricated coatings [3-6]. Current interests 
in SPME are focused toward the development of analyte-selective and stable sorbent 
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materials applicable for complex real-world samples with capabilities to determine 
analytes at ultratrace levels [7-9]. Due to the expansion of SPME into multiple scientific 
disciplines, the development of new sorbent coating technologies is crucial for the 
continued longevity and applicability of this technique, particularly when highly selective 
extractions are desired. 
The chemical makeup and composition of sorbent coatings is largely responsible 
for imparting the unique selectivity observed in SPME and has been a subject of intensive 
research in recent years [4]. Our group has focused on the development of selective 
SPME sorbent coatings using polymeric ionic liquids (PILs) [10]. The unique 
physicochemical properties inherent to ionic liquids (ILs), including high thermal 
stability, negligible vapor pressure, and tunable solvation capabilities, can be combined 
with the covalently bonded microstructure of PILs to produce stable SPME sorbent 
coatings [11]. A number of reports have described PIL-based sorbent coatings for the 
analysis of various classes of target analytes including carbon dioxide [12], polycylic 
aromatic hydrocarbons (PAHs) [13-17], genotoxic or structurally alerting alkyl halides 
and aromatics [18], alcohols and amines [19-22], esters and fatty-acid methyl esters 
(FAMES) [10, 23, 24], benzene derivatives [25], estrogens [26], and pyrethroids [27]. In 
many of these studies, the PIL-based sorbent coatings were structurally modified and 
tuned to improve the stability of the coating, enhance its suitability for a specific mode of 
SPME, and allow it to be more selective for a particular class of analytes(s). Such 
modifications include utilizing the hydrogen bond basic nature of halide anions [18, 19, 
28], substituting aromatic moieties into the IL monomer for enhanced π–π interactions 
18 
 
 
[13, 16, 18, 22], and utilizing the numerous hydroxyl within glucaminium-based PILs 
groups for enhanced hydrogen bonding interactions [18].  
Although PIL-based sorbent coatings possess a number of advantages, there are 
also limitations. There is currently a lack of neat PIL-based coatings capable of extracting 
polar analytes, such as alcohols, amines, esters, acids, and aldehydes using direct 
immersion SPME. This extraction mode is especially important for polar analytes that 
possess low volatility or exhibit high affinity to the aqueous matrix. All of the previously 
reported neat polar PIL coatings have been used in headspace extraction due to the 
susceptibility of the coating sloughing off the fiber when subjected to the aqueous matrix. 
Recent reports have incorporated sol gel networks containing a PIL to produce thermally 
and chemically stable coatings [22, 23, 26]. However, the unique selectivity offered by 
sorbent coatings composed solely of ions (e.g., IL or PIL) may be diminished due to a 
large percentage of the coating being the silica-based sol. Electrochemical polymerization 
has also been utilized to load an IL/polyaniline composite onto a substrate to enhance the 
stability of the coating [25]. However, this technique requires the use of costly materials 
for the fabrication of the IL-composite fibers. Dicationic IL cross-linkers have recently 
been utilized in the synthesis of PIL-based sorbent coatings for the headspace extraction 
of polar analytes [21]. Although this method represents a promising application of IL 
cross-linkers for PIL-based sorbent coatings, the coating process requires the use of 
dispersive coating solvents such as dimethyl sulfoxide during synthesis and the need to 
recoat the PIL to achieve high loading volumes. Analogous to the coating of linear PILs 
[10], the organic solvent is needed to facilitate loading of the polymer on the fiber 
support. However, if solvents are to be used during the coating process, it is imperative 
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that they be sufficiently volatile and be completely removed to prevent elevated 
background during analysis. An ideal approach would eliminate the need of organic 
solvents completely while still permitting the production of a robust and stable sorbent 
coating. 
In this study, we report a new method for the synthesis and development of 
sorbent coatings consisting of cross-linked PIL copolymers composed of chloride and 
bromide anions which are capable of extracting hydrogen bond acidic analytes by 
headspace SPME and are also applicable for direct immersion SPME. The PIL coatings, 
consisting entirely of monocationic IL monomers and dicationic IL cross-linkers, were 
polymerized “on-fiber” utilizing ultraviolet (UV)-initiated polymerization. In an attempt 
to stabilize and prevent the sorbent coating from being stripped from the fiber, the 
support was etched and functionalized to promote copolymerization with the PIL coating. 
The “on-fiber” polymerization approach eliminates the need for organic solvents in the 
loading of the monocationic IL monomer/dicationic IL cross-linker on the fiber support. 
This method enables the high-throughput production of SPME fibers containing cross-
linked PIL sorbent coatings, as only one mixture containing a specific composition of the 
monocationic IL monomer, dicationic IL cross-linker, and initiator is required to dip-coat 
multiple fibers prior to polymerization in a high capacity UV reactor. This study 
represents the first report to utilize neat cross-linked PIL copolymers containing chloride 
and bromide anions as sorbent coatings for both headspace and direct immersion studies 
of polar analytes. A total of 14 sorbent coatings were studied to investigate the effect of 
cross-linking and initiator content on the ensuing polymerization reaction. 
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2.2 Experimental Section 
2.2.1 Materials  
1-Vinylimidazole, 1,8-dibromooctane, 1,12-dibromododecane, 
vinyltrimethoxysilane (VTMS), 2,2′-azobis(2-methylpropionitrile) (AIBN), 1-
chlorohexane, ammonium hydrogen difluoride, and 2-hydroxy-2-methylpropiophenone 
(DAROCUR 1173) were purchased from Sigma-Aldrich (Milwaukee, WI, USA). All 
analytes examined in this study were purchased from Sigma-Aldrich. Acetonitrile, 
acetone, chloroform, methanol, n-hexane, isopropanol, dichloromethane, and ethyl 
acetate were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Ultrapure water 
(18.2 MΩ/cm) was obtained from a Milli-Q water purification system (Millipore, 
Bedford, MA, USA). Homemade SPME fibers consisting of untreated fused silica 
capillary tubing (0.5 mm I.D) and a 10 μL Hamilton syringe were purchased from 
Supelco (Bellefonte, PA) and Hamilton (Reno, NV, USA), respectively. Amber glass 
vials (20 mL) with polytetrafluoroethylene (PTFE)/butyl septa caps were purchased from 
Supelco. A RPR-100 UV reactor employing a spinning carousel was obtained from 
Southern New England Ultraviolet Company (Bradford, Connecticut). The UV reactor 
utilized 16 lamps that produced 254 nm radiation. 
2.2.2 Methods 
 The structures of the monocationic and dicationic IL monomer and cross-linkers 
are provided in Figure A1 (Appendix A). The 1-vinyl-3-hexylimidazolium chloride 
([VHIM][Cl]) IL monomer was synthesized following previously published procedures 
by our group [10], while the synthesis of the dicationic cross-linkers, namely, 1,8-di (3-
vinylimidazolium) octane dibromide ([(VIM)2C8] 2[Br]) and 1,12-di (3-
vinylimidazolium) dodecane dibromide ([(VIM)2C12] 2[Br]), were carried out using 
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previously published procedures [29, 30]. Detailed synthesis procedures, in addition to 1H 
NMR and electrospray ionization (ESI)-MS spectra, are provided in Appendix A (Figures 
A2 to A7). 
Homemade SPME fibers were prepared according to previous procedures [10]. A 
series of fiber modification steps, as shown in Figure 1, were employed prior to coating 
the monomer, cross-linker, and initiator mixture in order to establish a stable film of the 
sorbent coating on the fiber surface. First, the bare fiber was etched according to a 
previous method modified by our group [31]. The 1 cm bare silica portion of the fiber 
was immersed into a methanolic 5% (w/v) ammonium hydrogen difluoride solution for 
30 min, air-dried for 30 min, and conditioned in a GC injector at 250 °C for 1 h. The fiber 
was then washed thoroughly with water to remove excess salt and further conditioned in 
the GC injector at 250 °C for 5 min. To facilitate the covalent bonding of the cross-linked 
copolymer matrix to the surface and further enhance the chemical stability of the coating, 
the etched fiber was immersed into 10 mL of a VTMS solution to incorporate vinyl 
functionality onto the fiber surface. Characterization of all fiber surfaces and their 
morphology was performed using a JEOL JSM-7500F scanning electron microscope 
(SEM). 
Mixtures containing varying amounts of monocationic IL monomer, dicationic IL 
cross-linker, and initiator were prepared to investigate the thermal properties and the 
extraction performance of the resulting sorbent coatings. The composition of each 
copolymer coating prepared and their respective naming system are provided in Table 1. 
Coating mixtures were prepared by dissolving 15, 30, and 50% (w/w) of the cross-linker 
in the [VHIM][Cl] IL monomer. The [(VIM)2C8] 2[Br] IL cross-linker exhibited high 
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Figure 1. Schematic demonstrating the approach used to modify the fused silica support 
and bond the cross-linked PIL copolymeric sorbent coatings. Scanning electron 
micrographs were obtained after each step to show the effects of each modification on the 
surface morphology of the fiber. Insets are shown to provide enhanced morphological 
detail.  
 
solubility in the [VHIM][Cl] IL monomer and dissolved fully at room temperature by 
stirring. The [(VIM)2C12] 2[Br]/[VHIM][Cl] IL mixture was heated to 40 °C for 10 min 
followed by vigorous stirring in order to ensure complete mixing of the two components. 
Subsequently, 1 or 3% (w/w) of the DAROCUR 1173 UV-initiator was added and 
stirred, and the coating mixture was evenly applied to the derivatized fiber via dip-
coating. The coated fibers were then subjected to UV-initiated free-radical 
polymerization in a UV reactor at 254 nm for 2 h. Following polymerization, each fiber 
was exposed to the GC injector at 175 °C for 5 min to monitor bleeding of the sorbent 
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Table 1. Composition and abbreviations of all PIL-based Sorbent coatings synthesized in this study 
 
Sorbent Coating 
Abbreviation Cross-linker 
Percentage 
Cross-
linkera 
(w/w) 
Initiator Percentage Initiatora(w/w) 
Polymerization 
Approach 
Approximate 
Film 
Thickness 
(μm) 
Fiber AIBN   AIBNb 2  Thermal 4 
Fiber UV   DAROCUR 1173c 3 UV 4 
Fiber 1 [(VIM)2C8] 15 DAROCUR 1173 1 UV 7 
Fiber 2 [(VIM)2C8] 15 DAROCUR 1173 3 UV 3 
Fiber 3 [(VIM)2C8] 30 DAROCUR 1173 1 UV 6 
Fiber 4 [(VIM)2C8] 30 DAROCUR 1173 3 UV 7 
Fiber 5 [(VIM)2C8] 50 DAROCUR 1173 1 UV 4 
Fiber 6 [(VIM)2C8] 50 DAROCUR 1173 3 UV 7 
Fiber 7 [(VIM)2C12] 15 DAROCUR 1173 1 UV 4 
Fiber 8 [(VIM)2C12] 15 DAROCUR 1173 3 UV 3 
Fiber 9 [(VIM)2C12] 30 DAROCUR 1173  1 UV 7 
Fiber 10 [(VIM)2C12] 30 DAROCUR 1173 3    UV   9  
Fiber 11 [(VIM)2C12] 50 DAROCUR 1173 1    UV   4  
Fiber 12 [(VIM)2C12] 50 DAROCUR 1173  3   UV  7
aRelative to the mass of the [VHIM][Cl] IL monomer. b2,2′-azobis(2-methylpropionitrile). c2-hydroxy-2-methylpropiophenone. 
                                          23 
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coating. This process was repeated four times for each fiber. Thermogravimetric analysis 
(TGA) was used to characterize the IL monomeric mixtures and cross-linked PIL sorbent 
coatings. Experimental procedures and results for TGA are provided in Appendix A 
(Figure A8). 
Table A1 (Appendix A) lists the names and structures for all analytes examined in 
this study. Working standards were prepared by dissolving each analyte individually in 
acetonitrile at a concentration of 40 mg mL–1. For headspace analysis, a standard stock 
solution was prepared from the individual stock solutions by combining all analytes at 
various concentrations and diluting with acetonitrile. A working standard solution with 
analyte concentrations ranging from 0.01 to 500 μg L–1 was prepared by spiking a 
specific volume of the standard stock solution into a 20 mL amber sampling vial. In the 
case of headspace sampling, the vial was filled with 15 mL of a 30% NaCl (w/v) aqueous 
solution. Extractions in headspace mode were performed by exposing the fiber to the 
headspace of the vial capped with a PTFE/butyl self-sealing septa screw cap at room 
temperature (22 °C). Agitation was performed at 750 rpm using a magnetic stir bar. 
Following an extraction time of 45 min, the analytes were thermally desorbed by 
exposing the fiber to the GC injector at 175 °C for 5 min. Direct immersion studies were 
performed using a different set of analytes (see Table A1, Appendix A). The sample was 
prepared by pipetting 20 mL of a water solution to a 20 mL amber sampling vial 
containing a stir bar with analyte concentrations ranging from 0.001 to 75 μg L–1. 
Recovery studies were performed using select fiber coatings in four different 
matrixes, namely, deionized water, an aqueous solution containing 30% NaCl (w/v), well 
water, and river water. The well water was obtained from a residential area in Sylvania, 
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OH (USA) while river water was collected from the Maumee River in Maumee, OH 
(USA). Preparation of the collected river and well water samples consisted of filtering the 
samples to remove microscopic particulate matter through a 13 mm syringe filter with 
0.45 μm Nylon filter units (Fisher Scientific). The relative recoveries of analytes were 
evaluated using both SPME sampling modes. Relative recovery was determined by 
spiking a known concentration of the analyte to a sample solution and comparing the 
experimental concentration obtained with respect to the actual concentration. Carryover 
was monitored regularly and was found to be less than 5%. 
Evaluation of precision and analytical performance for all fibers was performed 
using an Agilent 7890 gas chromatograph (Santa Clara, CA, USA) coupled to a 5975C 
inert XL MSD with a Triple Axis detector (GC/MS). Detection of all analytes via single 
ion monitoring (SIM) mode was accomplished by monitoring 2 to 3 relevant m/z 
fragments for each analyte, as shown in Table B.1, Supporting Information. Helium was 
used as a carrier gas with a flow rate of 1 mL min–1. All analyses were performed in the 
splitless injection mode using a CP-Wax 57-CB (50 m × 250 μm × 0.20 μm) column 
purchased from Agilent Technologies (Palo Alto, CA). 
 
2.3 Results and Discussion 
2.3.1 Characteristics of cross-linked copolymeric PIL sorbent coatings for headspace and 
direct immersion SPME 
The analysis of polar analytes in aqueous sample matrixes remains a challenge in 
SPME. Functionalizing PILs with polar substituents and/or substituents capable of 
hydrogen bonding can impart higher selectivity to the sorbent coating for these analytes, 
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leading to enhanced sensitivities and lower detection limits. However, these sorbent 
coatings have been strictly limited to the headspace extraction mode as they are more 
susceptible to dissolving in the aqueous sample matrix. Thus, polar analytes with low 
volatility that cannot effectively be salted out are often difficult to extract with current 
IL/PIL-based coatings. 
It is well-known that cross-linkers can strengthen a polymer network often 
leading to an enhancement in the overall mechanical strength. For most copolymers, 
increasing the extent of cross-linking also lowers its solubility in most solvents. To 
exploit the recalcitrant nature of copolymeric PIL-based materials toward dissolving in 
aqueous solution, a high throughput “on-fiber” polymerization technique was developed. 
As shown in Figure 1, the monocationic IL monomer is dissolved with the appropriate 
amount of cross-linker and initiator and coated onto the fiber support prior to UV 
polymerization. The entire process is performed in air at room temperature and is 
consolidated to two primary steps, namely, dynamic dip coating and exposure to UV 
radiation. Compared to the traditional PIL coating methods, the “on-fiber” 
polymerization method requires fewer steps in addition to eliminating the need for 
applied heat, dispersive organic solvents, and an inert N2 atmosphere, which are often 
required when synthesizing linear PIL-based sorbent coatings using traditional AIBN 
polymerization methods [10, 11].  
To stabilize the cross-linked PIL coatings on the fused silica surface, the support 
was etched using a methanolic 5% (w/v) ammonium hydrogen difluoride solution. The 
etching of the support allowed for a higher surface area and a more rigid surface 
morphology, as shown in Figure 1. The surface was then derivatized with VTMS to 
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impart vinyl functionality to the fiber so that the copolymer matrix could be covalently 
bonded to the support. Immobilization of the cross-linked PIL-based sorbent coating to 
the silica support hinders the sloughing off of the coating during direct immersion SPME, 
particularly in well agitated samples. As shown by the SEM image in Figure 1, the 
sorbent coating remained smooth and intact after UV polymerization. Immersion of the 
cross-linked PIL sorbent coating in various solvents including chloroform, methylene 
chloride, dimethyl sulfoxide, and water under high agitation showed no visible loss of 
coating by optical microscopy. 
The thermal stability of sorbent coatings is an important property which must be 
investigated to determine the appropriate desorption temperature for purposes of 
maximizing the fiber lifetime. In the case of imidazolium-based ILs possessing halide 
anions, thermal stability is governed by their susceptibility to undergo nucleophilic 
substitution at high temperatures [19, 32]. Thermal stabilities of the copolymers 
developed in this study were monitored by thermal gravimetric analysis (TGA). As 
shown in Figure A8 (Appendix A), the TGA curves for copolymers derived from the 
monocationic [VHIM][Cl] IL containing different amounts of the [(VIM)2C12] 2[Br] 
dicationic IL cross-linker are compared to the linear poly([VHIM][Cl]) PIL prepared by 
AIBN-initiated polymerization containing no cross-linker. The cross-linked PILs 
produced by UV polymerization exhibited slightly higher stability than the AIBN-
initiated PIL sorbent coating. As the extent of cross-linking was increased, the thermal 
stability also increased. The enhancement in the copolymer thermal stability is the result 
of adding cross-linkers containing the less thermally labile bromide anion. A noncross-
linked UV-initiated poly([VHIM][Cl]) PIL coating was also examined, wherein this 
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coating exhibited lower thermal stability compared to its AIBN-initiated counterpart. 
From a previous study, it was observed that sorbent coatings incorporating the highly 
hydrogen bond basic chloride anion exhibited the highest selectivity toward many polar 
analytes, particularly hydrogen bond acids [19]. In an effort to preserve the selectivity of 
the sorbent coatings while optimizing their thermal stabilities, dicationic IL cross-linkers 
containing bromide anions were combined with the monocationic IL monomer containing 
the chloride anion. 
2.3.2 Optimization of extraction time and salt concentration 
The addition of kosmotropic salts can decrease the solubility of the analytes in the 
aqueous matrix and increase their relative concentration in the sample headspace, leading 
to an increase in extraction efficiency [19, 33]. Figure A9 (Appendix A) shows the effect 
of salt concentration (ranging from 0 to 30% NaCl (w/v)) on analyte extraction efficiency 
using Fiber 12. The extraction efficiency of all analytes dramatically increased with an 
increase in salt concentration. Many analytes exhibited over an order of magnitude 
increase in extraction efficiency at 30% NaCl (w/v) compared to when no salt was added; 
therefore, this concentration was used for all subsequent headspace SPME studies. 
The evaluation of new SPME sorbent coatings often requires an extensive 
investigation into the partitioning behavior of the examined analytes. Sorption-time 
profiles were generated for Fiber 6 and Fiber 12 (see Table 1) in headspace mode and 
Fiber 12 in the direct immersion mode. For headspace SPME, the profiles were obtained 
by exposing the fiber for different time intervals to the headspace of the sample solution 
containing the selected analytes in a 30% NaCl (w/v) solution at concentrations shown in 
Table A1, Appendix A. The sorption time profile for Fiber 6 is shown in Figure A10, 
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Appendix A. For most analytes, equilibration was achieved at approximately 45 min 
except for 1-octanol and α-ethyl benzene methanol in which equilibration was achieved 
in approximately 60 min. In the case of Fiber 12, shown in Figure A11, Appendix A, 
equilibration times were also reached at approximately 45 min for most analytes. 
Sorption time optimization for direct immersion studies was performed by immersing 
Fiber 12 in a deionized water sample solution at various time intervals with analyte 
concentrations shown in Table B.1, Appendix A. Most analytes achieved equilibration at 
approximately 45 min (see Figure A12, Appendix A). Since most analytes reached 
equilibrium with the sorbent coating at approximately 45 min for both headspace and 
direct immersion SPME, this extraction time was chosen for all subsequent studies. 
2.3.3 Copolymeric PIL-based sorbent coatings in headspace SPME 
To better understand the effects of copolymerizing PIL cross-linkers with the 
[VHIM][Cl] IL monomer in terms of analyte extraction efficiency, various dicationic IL 
cross-linker and monocationic IL monomer compositions were compared. Figure 2 shows 
the extraction efficiency of all analytes for the fourteen different fibers prepared in this 
study. Coatings with varying amounts of cross-linker to monomer (15, 30, and 50% 
w/w), cross-linker type ([(VIM)2C8] 2[Br] and [(VIM)2C12] 2[Br]), and initiator content 
(1 or 3% w/w relative to the [VHIM][Cl] IL monomer) were prepared and subjected to 
headspace extraction of chosen analytes at concentrations shown in Table A1, Appendix 
A. The abbreviation of each fiber and its respective coating composition is provided in 
Table 1. 
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Figure 2. Comparison of the extraction efficiency for selected sorbent coatings in 
headspace SPME mode. 
 
With regard to the PIL-based coatings containing the [(VIM)2C8] 2[Br] cross-
linker, a few general trends can be observed by studying the extraction efficiency of each 
coating relative to one another. The extraction efficiency of all analytes was typically 
lowest for Fiber 2 and Fiber 6 compared to other cross-linked coatings containing the 
[(VIM)2C8] 2[Br] cross-linker. For the coatings containing 15% and 50% (w/w) of the 
[(VIM)2C8] 2[Br] IL cross-linker, the lower amount of initiator (1%) appears to provide a 
higher extraction efficiency compared to the higher initiator content. An opposite trend is 
observed when comparing Fiber 3 with respect to Fiber 4, except in the case of ethyl 
valerate and ethyl hexanoate. Keeping the amount of initiator constant, a variation in the 
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weight percentage of the [(VIM)2C8] 2[Br] IL cross-linker within the copolymer also 
affected the extraction efficiency. For example, Fiber 1 provided higher peak areas for 1-
octanol compared to Fiber 3. The difference was less significant in the case of aldehydes 
and esters. Additionally, Fiber 3 resulted in better extraction efficiency for most analytes 
compared to Fiber 5. On the other hand, when using 3% w/w initiator, Fiber 4 showed 
higher peak areas than Fiber 2 and Fiber 6, which exhibited similar extraction efficiencies 
to one another. It is important to note that the film thickness of a coating influences the 
amount of analyte extracted. Since the film thicknesses of all coatings evaluated in this 
study were estimated to be approximately 3 to 9 μm, the difference may cause some 
variation in the observed extraction performance. 
A few trends can also be observed for PIL coatings containing the [(VIM)2C12] 
2[Br] IL cross-linker. When using 1% (w/w) initiator, Fiber 9 possessed comparable 
extraction efficiency to Fiber 11 for aldehydes and esters. In the extraction of alcohols, 
however, Fiber 9 outperformed its higher cross-linked counterpart, especially in the case 
of 1-octanol. Fiber 7, the 15% cross-linked copolymer, typically extracted similar 
amounts of analyte compared to Fiber 11, the 50% cross-linked copolymer, with minor 
variations for a few analytes. Similar to the [(VIM)2C8] 2[Br] cross-linked PILs, Fiber 7 
(containing 1% (w/w) initiator) exhibited higher extraction efficiency for all analytes 
compared to Fiber 8, which contained 3% (w/w) initiator. On the other hand, when the 
amount of cross-linker was increased to 30% and 50%, higher peak areas were observed 
for coatings consisting of 3% (w/w) initiator relative to 1%. In a comparison of the cross-
linkers, Fiber 12, consisting of a 50% (w/w) [(VIM)2C12] 2[Br] cross-linker, 
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outperformed Fiber 6, for all analytes especially 1-octanol, in which 3-fold higher peak 
areas were observed. 
2.3.4 Analytical performance of cross-linked copolymeric PIL sorbent coatings using 
headspace SPME 
To evaluate the selectivity and sensitivity of the cross-linked PIL coatings, 
calibration curves were constructed for six representative fibers, namely, Fibers AIBN, 
UV, 4, 6, 10, and 12. These coatings were selected to investigate the effect of cross-linker 
added in the copolymer on overall analytical performance. All coatings chosen were 
produced using 3% (w/w) initiator, as it was observed that many of these coatings 
produced higher extraction efficiencies compared to copolymers made using 1% initiator. 
Calibration curves were generated by decreasing the analyte concentration from 500 to 
0.1 μg L–1 using a minimum of seven calibration levels. Headspace extractions were 
performed from an aqueous solution containing 30% (w/v) NaCl at room temperature 
with an extraction time of 45 min under agitation.  
Table 2 lists the figures of merit for the four cross-linked PIL coatings. When 
comparing the sensitivity of the [(VIM)2C8] 2[Br] cross-linked coatings, Fiber 4, which 
consists of 30% (w/w) cross-linker, exhibited higher slopes for all analytes compared to 
the higher cross-linked Fiber 6. This observation is especially true for 1-octanol, furfuryl  
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Table 2. Figures of merit of selected fibers using headspace SPME GC/MS at room temperature 
Analyte 
Linear 
Range 
(µg L-1) 
Slope ± SDa LOD  (µg L-1) R 
% 
RSDb  
Linear 
Range 
(µg L-1) 
Slope ± SD LOD  (µg L-1) R 
% 
RSD 
 Fiber 4      Fiber 6     
Ethyl valerate 1-500 24110 ± 363 0.5 0.999 5.9 1-500 19770 ± 270 0.5 0.999 6.3 
2-Methyl-1-butanol 5-500 3483 ± 83 2.5 0.999 5.3 5-500 2536 ± 16 2.5 0.999 4.5 
Ethyl hexanoate 0.1-500 103500 ± 1260 0.01 0.999 5.6 0.5-500 80140 ± 1270 0.1 0.999 8.4 
Cyclohexanol 5-500 5177 ± 52 2.5 0.999 4.0 1-500 4782 ± 63 0.5 0.999 5.0 
Furfural 1-500 3126 ± 22 0.5 0.999 7.0 0.5-500 2359 ± 19 0.1 0.999 5.3 
Benzaldehyde 0.5-500 8705 ± 52 0.1 0.999 3.4 0.5-500 6225 ± 59 0.1 0.999 2.1 
1-Octanol 0.1-500 423600 ± 2870 0.01 0.999 3.5 0.1-500 265000 ± 2000 0.01 0.999 6.7 
Furfuryl propionate 0.5-500 54750 ± 218 0.1 0.999 5.5 1-500 36870 ± 164 0.5 0.999 4.1 
Furfuryl pentanoate 0.1-500 662900 ± 3520 0.01 0.999 2.8 0.1-500 400000 ± 1870 0.01 0.999 4.8 
α-Ethyl benzenemethanol 0.1-500 131200 ± 692 0.01 0.999 1.0 0.5-500 100000 ± 212 0.1 0.999 5.6 
 Fiber 10      Fiber 12     
Ethyl valerate 0.1-500 73570 ± 1460 0.01 0.998 5.5 0.5-500 69340 ± 1300 0.1 0.999 6.1 
2-Methyl-1-butanol 5-500 4617 ± 87 2.5 0.999 7.0 1-500 9825 ± 84 0.5 0.999 2.9 
Ethyl hexanoate 0.1-500 199600 ± 3680 0.01 0.998 0.7 0.1-500 316800 ± 7080 0.01 0.998 8.1 
Cyclohexanol 0.1-500 8381 ± 178 0.01 0.998 7.4 0.1-500 14650 ± 289 0.01 0.999 10.0 
Furfural 1-500 4030 ± 24 0.5 0.999 7.1 0.5-500 6170 ± 58 0.1 0.999 5.1 
Benzaldehyde 0.5-500 11990 ± 156 0.1 0.999 0.6 0.5-500 22030 ± 286 0.1 0.999 4.5 
1-Octanol 0.1-500 684400 ± 6880 0.01 0.999 6.7 0.1-500 1050000 ± 16600 0.01 0.999 4.8 
Furfuryl propionate 0.5-500 87670 ± 759 0.1 0.999 5.4 1-500 133500 ± 496 0.5 0.999 2.8 
Furfuryl pentanoate 0.1-500 951600 ± 8720 0.01 0.999 10.5 0.1-500 1399000 ± 26200 0.01 0.998 5.6 
α-Ethyl benzenemethanol 0.1-500 211100 ± 1760 0.01 0.999 4.5 0.1-500 328900 ± 2860 0.01 0.999 5.5 
aSD: Error of the slope for n = 7. bDetermined by performing repeated experiments at 50 μg L-1 (n = 3) using an extraction time of 45 min. 
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pentanoate, and ethyl hexanoate. The LODs of both fibers ranged from 0.01 to 2.5 μg L–1. 
The precision, determined by performing triplicate extractions at 50 μg L–1, ranged from 
1.0 to 7.0% and 2.1 to 8.4% for Fiber 4 and Fiber 6, respectively. In the case of the two 
PIL-based coatings containing the [(VIM)2C12] 2[Br] IL cross-linker, an increase in the 
extent of cross-linking (from 30% to 50% w/w cross-linker) resulted in an increase in 
sensitivity for all analytes. The LOD of many analytes using Fiber 12, containing 50% 
(w/w) cross-linker, were lower than or equal to those of Fiber 10, except for furfuryl 
propionate. The LODs ranged from 0.01 to 2.5 μg L–1 and 0.01 to 0.5 μg L–1 for Fiber 10 
and Fiber 12, respectively. 
Calibration studies were also performed using Fiber AIBN and UV in order to 
study the effects of linear (i.e., noncross-linked) coatings on sensitivity and precision. As 
shown in Table A2 (Appendix A), Fiber AIBN exhibited higher sensitivity for all studied 
analytes in comparison to Fiber UV. The LOD of Fiber UV was observed to be lower for 
some analytes due to higher sorbent coating bleed for Fiber AIBN. This resulted in an 
elevated background and a higher detection limit. The overall LODs ranged from 0.01 to 
2.5 μg L–1 for both fibers with precision ranging from 2.1 to 13.3% and 1.1 to 12.0% for 
Fibers AIBN and UV, respectively. 
2.3.5 Direct immersion SPME using cross-linked PIL-based sorbent coatings 
Direct immersion SPME in aqueous solutions requires the use of coatings that 
exhibit extremely low solubility in water. In this study, Fibers 10 and 12, which 
contained the more hydrophobic [(VIM)2C12] 2[Br] cross-linker, were selected to explore 
the feasibility of the cross-linked PIL sorbent coatings. To examine the sorbent coatings 
for direct immersion SPME, polar analytes possessing low volatility were chosen as 
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targets, as shown in Table A1, Appendix A. Calibration curves were obtained by 
decreasing analyte concentrations from 75 to 0.01 μg L–1 while using a minimum of 
seven calibration levels. Direct immersion extractions were performed in deionized water 
at room temperature with an extraction time of 45 min under agitation. Table 3 lists the 
figures of merit for the extraction of these analytes using the two coatings. The precision 
of both fibers remained acceptable, even after multiple extraction and desorption steps, 
ranging from 2.9 to 6.7% and 3.1 to 9.4% for Fibers 10 and 12, respectively. The 
sensitivity of all analytes was greater for Fiber 12 compared to its lower cross-linked 
counterpart, which correlates well with previous headspace extraction data. The LODs 
ranged from 0.001 to 0.1 μg L–1 and 0.001 to 0.5 μg L–1 for Fibers 10 and 12, 
respectively. 
The performance of Fiber AIBN and Fiber UV (employing no cross-linkers) was 
also compared. In the case of Fiber AIBN, the coating dissolved almost immediately after 
being immersed into the sample solution; therefore, it was not suitable for direct 
immersion SPME. On the other hand, Fiber UV remained visibly intact within the matrix. 
However, an extensive calibration study was not pursued using this coating since the 
precision was poor (up to 57.8% RSD, data not shown), presumably due to a gradual loss 
of coating during each extraction/desorption step. 
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Table 3. Figures of merit of selected fibers using direct immersion SPME GC/MS at room temperature 
Analyte 
Linear 
Range 
(µg L-1) 
Slope ± SDa LOD (µg L-1) R 
% 
RSDb  
Linear 
Range 
(µg L-1) 
Slope ± SD LOD (µg L-1) R 
% 
RSD 
 Fiber 10      Fiber 12     
1-Octanol 0. 1-75 22650 ± 687 0.01 0.998 6.7  1-75 36240 ± 831 0.5 0.999 6.1 
Furfuryl pentanoate 0.5-75 32980 ± 1260 0.1 0.997 2.9  1-75 43280 ± 1370 0.5 0.999 9.4 
Naphthalene 0.01-75 377900 ± 14400 0.001 0.996 3.2  0.01-75 453700 ± 4740 0.001 0.999 8.0 
α-Ethyl benzenemethanol 0.01-75 8989 ± 294 0.001 0.997 5.9  1-75 19340 ± 380 0.5 0.999 4.4 
Phenol 0.01-75 17410 ± 409 0.001 0.998 7.9  0.01-75 41860 ± 679 0.001 0.999 3.1 
            
aSD: Error of the slope for n = 7. bDetermined by performing repeated experiments at 75 μg L−1 (n = 3) using an extraction time of 45 min. 
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2.3.6 Method validation and recovery 
 Recovery experiments were performed to evaluate the applicability of the new 
generation cross-linked PIL sorbent coatings. Table A3 (Appendix A) lists the percent 
relative recovery of the polar analytes in the different water matrixes, all of which 
contained 30% (w/v) NaCl, using headspace SPME. The experiments were performed by 
spiking 5 μg L–1 of analyte into the selected water matrix and exposing the coating to the 
sample solution for 45 min under agitation. Blank extractions of the sample matrixes 
were performed to ensure no analyte was present prior to analysis. Fibers 6 and 12 were 
selected as representative coatings for headspace recovery experiments. The percent 
relative recoveries using deionized water containing 30% (w/v) NaCl ranged from 78.1 ± 
6.4% to 119.1 ± 12.6% and 87.8 ± 3.5% to 119.0 ± 12.1% for Fibers 6 and 12, 
respectively. Fiber 12 was subjected to further examination using more complex sample 
solutions. Recoveries ranging from 66.3 ± 10.7% to 109.6 ± 4.2% and 74.1 ± 3.2% to 
164.7 ± 8.0% were obtained when examining well and river water, respectively. The poor 
recovery for a few analytes can be attributed to the high complexity of the river water 
matrix. 
To further demonstrate the usefulness of the cross-linked PIL coatings developed 
in this study for direct immersion SPME from real-world samples, Fiber 12 was chosen 
for the analysis of select analytes from deionized, well, and river water. The experiments 
were performed by spiking 2.5 μg L–1 of analyte into the water sample and immersing the 
coating into the sample solution for 45 min under agitation. As shown in Table 4, the 
relative recoveries ranged from 88.9 ± 2.0 to 112.5 ± 10.3% for deionized water. The 
relative recoveries for well and river water ranged from 58.0 ± 4.1 to 116.0 ± 11.2% and 
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70.9 ± 3.2 to 135.8 ± 13.8%, respectively. These recoveries are very good considering 
that the river sample was extremely complex and suspended material that could not easily 
be filtered from the sample was still observed. The sorbent coating was capable of 
withstanding the complex matrix environment to extract analytes at trace-level 
concentrations, further demonstrating the durability and stability of the cross-linked PIL-
based sorbent coatings for direct immersion studies. 
 
Table 4. Recovery of all analytes using direct immersion SPME GC/MS for selected 
sorbent coatings (n = 3)a 
 
analyte deionized water well water river water 
 Fiber 12 
1-octanol 108.2 ± 8.1 58.0 ± 4.1 105.3 ± 9.9 
furfuryl pentanoate 98.7 ± 6.1 101.0 ± 9.1 71.5 ± 1.3 
naphthalene 95.0 ± 7.3 88.0 ± 5.0 70.9 ± 3.2 
α-ethyl benzenemethanol 88.9 ± 2.0 116.0 ± 11.2 120.3 ± 7.7 
phenol 112.5 ± 10.3 108.5 ± 16.6 135.8 ± 13.8 
 
aA 2.5 μg L–1 analyte concentration was used for all studies. 
 
2.3.7 Fiber lifetime and integrity 
All fibers within this study were sacrificed for analysis via SEM to analyze the 
coating morphology and determine the approximate film thickness. Scanning electron 
micrographs of a representative group of coatings are shown in Figures 3 and A13, 
Appendix A. Even after multiple extraction and desorption steps, the coatings used for 
headspace analysis (Figures 3A and A13A, Appendix A) remained smooth and intact. For 
the coatings applied in direct immersion studies, (Figures 3B and A13B, Appendix A), a 
rougher surface morphology was observed. The rigid surface was highly pronounced for 
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Fiber 12, which was immersed into all three water samples for a total of approximately 
90 extraction and desorption steps. It is likely that particulate matter within the complex 
sample matrix may have affected the morphology of this fiber, particularly true since the 
only sample preparation performed on the river water sample was to filter particulate 
matter through a syringe filter. Nevertheless, no discernible loss in analyte extraction 
efficiency or precision was observed for this fiber coating up until the time that it was 
sacrificed for imaging purposes. 
 
(A)                                                                        (B) 
                    
Figure 3. Scanning electron micrographs of representative sorbent coatings employed in 
headspace and direct immersion SPME. (A) Fiber 1; after 50 headspace extractions. (B) 
Fiber 12; after 90 direct immersion extractions in deionized, well, and river water 
samples. 
 
2.4 Conclusions 
 In over 20 years, SPME has become a very important analytical tool that has 
married sample preparation and chemical separations. Expanding the types of sorbent 
coatings to allow for highly selective extractions will continue to expand SPME into new 
areas of research. The “on-fiber” polymerization approach presented in this study is 
highly applicable for the high-throughput loading of IL monomers/cross-linkers and 
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synthesis of cross-linked PIL copolymeric sorbent coatings without the need for organic 
solvents. The etching and derivatization of the fiber support produces a covalently linked 
and mechanically stable coating capable of enduring high shear forces that result from 
well-agitated sample solutions. Compared to the linear PIL-based sorbent coatings 
prepared using AIBN-initiated polymerization, many of the cross-linked PIL-based 
coatings examined in this study exhibited lower bleed, lower backgrounds, and lower 
limits of detection. The versatile copolymerization approach described in this study can 
be easily expanded to IL monomers/cross-linkers with varied chemical structures and 
cation/anion combinations. 
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CHAPTER 3 
 
 
CROSSLINKED POLYMERIC IONIC LIQUIDS AS SOLID-PHASE 
MICROEXTRACTION SORBENT COATINGS FOR HIGH PERFORMANCE 
LIQUID CHROMATOGRAPHY 
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Honglian Yu, Josias Merib, Jared L. Anderson 
 
Abstract 
Neat crosslinked polymeric ionic liquid (PIL) sorbent coatings for solid-phase 
microextraction (SPME) compatible with high-performance liquid chromatography 
(HPLC) are reported for the first time. Six structurally different PILs were crosslinked to 
nitinol supports and applied for the determination of select pharmaceutical drugs, 
phenolics, and insecticides. Sampling conditions including sample solution pH, extraction 
time, desorption solvent, desorption time, and desorption solvent volume were optimized 
using design of experiment (DOE). The developed PIL sorbent coatings were stable when 
performing extractions under acidic pH and remained intact in various organic desorption 
solvents (i.e., methanol, acetonitrile, acetone). The PIL-based sorbent coating 
polymerized from the IL monomer 1-vinyl-3-(10-hydroxydecyl)imidazolium chloride 
[VC10OHIM][Cl]  and IL crosslinker 1,12-di(3-vinylbenzylimidazolium) dodecane 
dichloride [(VBIM)2C12] 2[Cl] exhibited superior extraction performance compared to 
the other studied PILs. The extraction efficiency of pharmaceutical drugs and phenolics 
increased when the film thickness of the PIL-based sorbent coating was increased while 
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many insecticides were largely unaffected. Satisfactory analytical performance was 
obtained with limits of detection (LODs) ranging from 0.2 to 2 µg L-1 for the target 
analytes. The accuracy of the analytical method was examined by studying the relative 
recovery of analytes in real water samples, including tap water and lake water, with 
recoveries varying from 50.2% to 115.9% and from 48.8% to 116.6%, respectively.   
 
3.1 Introduction 
Solid-phase microextraction (SPME) has gained tremendous popularity since its 
introduction in the early 1990s [1]. SPME is a solvent free, cost-effective, and high 
throughput method that combines sampling and sample preparation into one step. SPME 
has been widely applied in different areas including environmental [2], food [3], 
bioanalytical [4], and clinical analysis [5]. This technique is typically performed in either 
the headspace or direction immersion mode but can be performed using a combination of 
these modes [6]. The extraction is based on the adsorption and/or partitioning between a 
sorbent coating and the analytes within the sample matrix. The desorption of analytes 
from the sorbent coating is performed by either thermal or solvent desorption. SPME is 
compatible with different separation techniques including gas chromatography (GC) and 
high performance liquid chromatography (HPLC).  
Even though SPME is a mature technique, the continual development of new 
sorbent coating materials can greatly expand its applicability to a broader range of 
analytes and matrices. There are a number of commercially-available SPME coatings 
possessing a wide range of polarity that are currently available on the market. However, 
the selectivity of these coatings towards target classes of analytes may be inadequate 
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which can severely limit the overall sensitivity of the method. Polymeric ionic liquids 
(PILs) were first introduced as SPME sorbent coatings for GC and can provide higher 
selectivity compared to some of the more traditional sorbent coatings [7]. The selectivity 
of these materials have been progressively improved through the tailoring of the chemical 
structure within the cation component and by creating unique combinations of cations 
and anions [8-16].  
An area of intense study in SPME involves the extraction of polar analytes from 
aqueous sample solutions. Due to their high affinity towards the sample matrix, these 
analytes are typically extracted in the direct immersion mode. For analytes that are not 
sufficiently volatile, the development of HPLC-compatible SPME coatings is crucial. The 
coupling of PIL-based SPME to HPLC requires that the coatings be highly robust when 
exposed to organic desorption solvents and not slough from the support material. 
Crosslinked PIL-based sorbent coatings have been recently developed to address this 
limitation [11]. By crosslinking the PILs, the durability of the sorbent coating can be 
significantly enhanced, leading to a robust extraction system [13, 17-19]. Hybrid 
materials polymerized from an IL monomer and an organic/inorganic crosslinker have 
been applied as sorbent coatings for the analysis of various analytes in aqueous samples 
using SPME-HPLC [19-22]. A PIL-based monolith and its graphene oxide derivative 
were developed as SPME sorbent coatings for the analysis of polar endocrine disrupting 
chemicals and phenolic compounds with HPLC [23, 24]. These materials were prepared 
by azobisisobutyronitrile (AIBN)-initiated polymerization which requires high 
temperatures, lengthy reaction times (12-24 h), and the use of reaction solvents. Recently, 
a UV-initiated “on-fiber” polymerization method was introduced to prepare crosslinked 
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PIL-based SPME sorbent coatings that can be immobilized to nitinol supports [17]. This 
approach is solvent-free and the ensuing polymerization can be achieved within 30 min to 
2 h through photo-polymerization. Compared to the aforementioned sorbent coating 
fabrication techniques, this method is simple and efficient. Additionally, the use of 
sorbent coatings based on neat crosslinked PILs can further enhance the selectivity 
towards target analytes while imparting necessary structural integrity to the polymeric 
material when subjected to various organic solvents often used in HPLC. 
 For the first time, we report the use and development of HPLC compatible neat 
crosslinked PIL-based SPME sorbent coatings for the analysis of pharmaceutical drugs, 
phenolics, and insecticides. Six structurally diverse PIL-based sorbent coatings were 
immobilized on nitinol supports and applied as sorbent materials for SPME. Optimization 
of the extraction/desorption conditions including sample solution pH, extraction time, 
desorption solvent, desorption time, and desorption solvent volume were carried out by 
using the design of experiment (DOE). The newly developed sorbent coatings were 
exploited for the extraction of target analytes under optimal SPME conditions. The 
selectivity of the PIL-based coatings was investigated and compared with the commercial 
PDMS/DVB fiber. The effect of coating film thickness on the extraction efficiency was 
also studied. Furthermore, the established analytical method was validated by performing 
extractions in tap water and lake water.  
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3.2 Experimental  
3.2.1 Reagents and materials  
The reagents acrylonitrile (99%), 1-chlorohexadecane (95%), 1, 12-
dibromododecane (98%), 4-vinylbenzyl chloride (90%), 10-bromodecanoic acid (95%), 
10-chloro-1-decanol (90%), 1-vinylimidazole (99%), imidazole (99%), 
vinyltrimethoxysilane (VTMS) (98%), and 2-hydroxyl-2-methylpropiophenone 
(DAROCUR 1173) (96%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Acetonitrile, acetone, methanol, isopropanol and dimethyl sulfoxide were also purchased 
from Sigma-Aldrich with purities equal to or higher than 99%. Hydrogen peroxide (30%, 
w/w), glacial acetic acid, hydrochloric acid, and sodium hydroxide were purchased from 
Fisher Scientific (Fair Lawn, NJ, USA). Lithium bis[(trifluoromethyl)sulfonyl]imide was 
purchased from SynQuest Laboratories (Alachua, FL, USA). Phenacetin (98%), 
ketoprofen (98%), 17 -ethynylestradiol (98%), fenoprofen calcium (97%), 
diclofenac sodium (98.5%), ibuprofen (98%), 2,4,6-trichlorophenol (98%), 
hexaflumuron (99.1%), phoxim (98.1%), chlorfenapyr (98.8%), flufenoxuron (98.1%), 
hexythiazox (99%), chlorfluazuron (98.9%), deltamethrin (99.7%), fenvalerate (99%), 
and -fluvalinate (99%) were purchased from Sigma-Aldrich. The analyte 2-nitrophenol 
(99%) was purchased from Acros Organics (Pittsburgh, PA, USA) and 2,4-dinitrophenol 
was purchased from Eastman Organic Chemicals (Kingsport, TN, USA). Deuterated 
dimethyl sulfoxide was purchased from Cambridge Isotope Laboratories (Andover, MA, 
USA). Nitinol wire with a diameter of 128 µm was purchased from Nitinol Devices & 
Components (Fremont, CA, USA). 
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Table 1. Chemical structures and properties of the analytes examined in this study 
 
Name Structure Classification 
 
Log P b   Log 
D b 
                 (pH = 2) 
   
pKa  
 
Phenacetin 
 
  
Pain-
relieving/ 
fever-
reducing 
drug 
    1.65      1.55  5.2 [25]  
Ketoprofen 
  
NSAIDa     2.91      2.91  4.23 b  
17 -
Ethynylestradiol 
  
Oral 
contraceptiv
e component 
    4.11     4.11  10.24 b  
Fenoprofen 
calcium 
  
NSAIDa      -            - - 
Diclofenac 
sodium 
  
NSAIDa 4.06 [26]     - 4.01 [26] 
Ibuprofen 
  
NSAIDa     3.50      3.50  4.41 b  
2,4,6-
Trichlorophenol 
  
Phenolics; 
Organic 
pollutant 
    3.77        3.77   6.59 b  
2-Nitrophenol 
  
Phenolics; 
Organic 
pollutant 
    1.67      1.67   7.14 b  
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Table 1. Continued. 
2,4-Dinitrophenol 
  
Phenolics; 
Organic 
pollutant 
1.71      1.72   4.04 b   
Hexaflumuron 
  
Benzoylurea 
insecticide 5.67      5.67   8.54 b  
Phoxim 
  
Organophos
p-hate 
insecticide 
4.39      4.39  - 
Chlorfenapyr 
  
Insecticide 4.88        4.88   -   
Flufenoxuron 
 
Benzoylurea 
insecticide 4.81      4.81   10.1 [27]   
Hexythiazox 
  
Insecticide 5.03        5.03   12.77 b    
Chlorfluazuron 
 
Benzoylurea 
insecticide 5.43       5.43   8.10 [27]   
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Table 1. Continued. 
Deltamethrin 
  
Pyrethroid 
insecticide 6.42      6.42  - 
Fenvalerate 
  
Pyrethroid 
insecticide 6.55       6.55  - 
-Fluvalinate Pyrethroid insecticide 5.93      5.93   - 
a NSAID: Nonsteroidal anti-inflammatory drug 
b Obtained from Scifinder and calculated using Advanced Chemistry Development (ACD/Labs) Software 
V11.02 
 
 The chemical structures and select physicochemical properties of the 18 analytes 
examined in this study are shown in Table 1. Individual stock solutions of the analytes 
were prepared at a concentration of 5000 mg L-1.  Different organic solvents were used as 
diluents in the preparation of the individual stock solutions due to the solubility of 
analytes. Methanol was used as a diluent when preparing the individual stock solutions of 
phenacetin, 17 -ethynylestradiol, fenoprofen, and diclofenac sodium while acetone was 
used for preparing the stock solutions of hexaflumuron, flufenoxuron, and 
chlorfluazuron. All other analyte stock solutions were prepared in acetonitrile. Stock 
solutions containing a mixture of all analytes were prepared at concentrations of 250 mg 
L-1, 200 mg L-1, 10 mg L-1, and 1 mg L-1 using acetonitrile as a diluent. The aqueous 
sample solutions were prepared by spiking an aliquot of the stock solution into the water 
sample at an adjusted pH (using hydrochloric acid and sodium hydroxide). The amount of 
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organic solvent was consistently kept at 0.2% (v/v) in the sample solution. All aqueous 
sample solutions, except the real samples, were prepared with deionized water (18.2 MΩ 
cm) acquired from a Milli-Q water purification system (Bedford, MA, USA). 
3.2.2 Instrumentation 
 Characterization of all synthesized ILs was performed using a Bruker DRX 500 
MHz nuclear magnetic resonance (NMR) spectrometer (Billerica, MA, USA). 1H NMR 
spectra were collected using deuterated dimethyl sulfoxide as a solvent. UV-initiated 
polymerization was carried out using a RPR-100 UV reactor purchased from Southern 
New England Ultraviolet Company (Bradford, Connecticut). Sixteen lamps producing the 
same wavelength were applied for the polymerization reaction. A wavelength of 360 nm 
was used for the polymerization of the NTf2- based IL monomers and 254 nm was used 
for the polymerization of IL monomers containing halide anions. The film thickness of 
PIL sorbent coatings was examined using a JEOL JSM-6060 LV low vacuum scanning 
electron microscope (SEM). A representative SEM image of a sorbent coating is shown 
in Figure B1 (Appendix B).  
Chromatographic analysis was performed on a Shimadzu LC-20A HPLC (Tokyo, 
Japan) equipped with a Rheodyne manual injector, two LC-20AT pumps, a DGU-20A3 
degasser, and a SPD-20 UV/Vis detector. The separation of all analytes was carried out 
using a Restek Ultra C18 column (250  4.6 mm I.D.) with a particle size of 5.0 µm 
(State College, PA, USA). A gradient separation method was applied starting with 60% 
of mobile phase A (0.05% acetic acid in water) and 40% of mobile phase B (0.1% acetic 
acid in acetonitrile). Mobile phase B was gradually increased from 40% to 70% at 2 mL 
min-1 followed by another ramp from 70% to 85% at 1 mL min-1 and an isocratic hold at 
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85% for 10 min. The flow rate was maintained at 1 mL min-1. A detection wavelength of 
220 nm was used for monitoring 17 -ethynylestradiol, fenoprofen, ibuprofen, 
deltamethrin, and fenvalerate while all other analytes were monitored at 254 nm.  
3.2.3 Synthesis of ionic liquid monomers and crosslinkers   
 Structures of the IL monomers and crosslinkers employed in this study are 
showed in Table 2. The synthesis of IL monomers 1-vinylbenzyl-3-
hexadecylimidazolium chloride [VBC16IM][Cl], 1-vinylbenzyl-3-hexadecylimidazolium 
bis[(trifluoromethyl) sulfonyl]imide [VBC16IM][NTf2], 1-vinyl-3-(2-
hydroxyethyl)imidazolium bromide [VC2OHIM][Br], 1-vinyl-3-(10-
hydroxydecyl)imidazolium chloride [VC10OHIM][Cl], 1-vinyl-3-(10-
hydroxydecyl)imidazolium bis[(trifluoromethyl) sulfonyl]imide [VC10OHIM][NTf2], and 
crosslinkers 1,12-di(3-vinylbenzylimidazolium) dodecane dichloride [(VBIM)2C12] 2[Cl], 
1,12-di(3-vinylbenzylimidazolium) dodecane dibis[(trifluoromethyl) sulfonyl]imide 
[(VBIM)2C12] 2[NTf2] were carried out according to previously published references [7, 
28, 29]. The synthesis of IL monomer 1-vinyl-3-(9-carboxynonyl)imidazolium bromide 
[VC9COOHIM][Br] was performed by mixing 13.3 mmol of 1-vinylimidazole and 20.0 
mmol of 10-bromodecanoic acid in acetonitrile. The reaction was carried out at 60 ºC for 
3 days. Afterwards, the solvent was removed under vacuum and the product dissolved in 
8 mL of water and washed with ethyl acetate (4 mL × 6) and chloroform (4 mL × 6) to 
remove unreacted starting materials. The aqueous layer was then collected and dried 
under vacuum. All final products were characterized by 1H NMR and the spectral data 
are shown in Figures B2-B9, Appendix B.    
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Table 2. Structural composition and approximate film thickness of all PIL-based sorbent 
coatings examined in this study  
   a  The IL crosslinker applied within each sorbent coating was 50% by weight with respect to the IL 
monomer. 
    b  Approximate film thicknesses of the PIL-based sorbent coatings were obtained by SEM imaging. 
 
 
 
 
Fiber IL monomer and IL crosslinker composition a 
Approximate 
film thickness 
(µm) b 
 
 
Fiber 1 
 
 
  
29 
 
Fiber 2 
 
  
20 
 
Fiber 3  
  
23 (Fiber 3A) 
89 (Fiber 3B) 
 
Fiber 4  
  
16 
 
Fiber 5  
  
28 
 
Fiber 6 
 
  
21 
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3.2.4 Fabrication of PIL-based SPME fibers  
The preparation of PIL-based fibers was performed according to methods from a 
previously published study [11]. The crosslinked PIL sorbent coatings were produced by 
“on-fiber” UV initiated polymerization using derivatized nitinol fibers as supports. 
Briefly, the nitinol wire was first polished using sand paper and cleaned by acetone and 
methanol. The metallic wire was then cut into approximately 1.5 cm segments and placed 
in a hydrogen peroxide solution (30%, w/w). The system was heated at 72 ºC for 2 h to 
functionalize the nitinol surface with Ni-OH groups. Afterwards, the nitinol segments 
were rinsed with water and methanol followed by heat treatment at 200 ºC for 10 min. 
The segments were then placed in VTMS and heated at 85 ºC for 2 h in order to 
incorporate vinyl functionality onto the support surface. The fibers were ready for coating 
after being cleaned with methanol and heat treated at 150 ºC for 5 min. A coating mixture 
consisting of IL monomer, IL crosslinker (50% by weight with respect to the monomer), 
and DAROCUR 1173 photoinitiator (3% by weight with respect to the coating mixture) 
was evenly applied to the surface of the nitinol fiber. An additional aliquot of deionized 
water (25% by weight with respect to the monomer) was added to the coating mixture in 
order to produce a homogenous coating mixture when preparing Fiber 4. A coating length 
of 1 cm was maintained for all fibers examined in this study.  
3.2.5 Optimization of SPME parameters   
3.2.5.1 Optimization of SPME parameters for the PIL-based fibers  
SPME parameters including sample solution pH, extraction time, desorption 
solvent, desorption time, and desorption solvent volume were optimized for the PIL-
based fibers using a model fiber, Fiber 1, due to its high stability and reproducibility. 
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DOE using the Statsoft Statistica 8.0 program was utilized during the optimization. The 
desorption solvent was initially optimized due to its low dependence on other parameters. 
A mixture design was applied using methanol, acetonitrile, and acetone as potential 
desorption solvents. The optimization was performed by varying the desorption solvent 
composition. A desorption solvent volume of 50 µL was applied for all desorptions and 
all experiments were performed in duplicate. The optimal desorption solvent was selected 
based on the surface response obtained from the average peak areas of all analytes. 
Prioritization of the other parameters including pH, extraction time, desorption 
time, and desorption solvent volume were studied using a two level full factorial design. 
The pH was studied in the range from 2 to 10 and the extraction time was varied from 15 
min to 45 min. The desorption solvent volume was studied from 30 µL to 70 µL while 
the desorption time was varied from 5 min to 25 min. Due to the importance of pH and 
extraction time from the two level full factorial design, these parameters were further 
optimized as individual variables.   
 The optimized conditions were applied for all extractions using the PIL-based 
fibers. Extractions using the PIL-based fibers were performed in 10 mL of sample 
solution at pH 1.5 using the direct immersion mode. Prior to exposing the fiber to the 
matrix, the sample solution was agitated for 2 min to achieve pre-equilibration. Following 
a 60 min extraction under constant agitation (450 rpm), the fiber was retracted from the 
aqueous sample and immersed in 30 µL of methanol for 15 min. Afterwards, 20 µL of the 
methanolic desorption solvent was withdrawn and subjected to HPLC analysis. 
Subsequently, the fiber was washed in methanol for 30 min followed by deionized water 
for 10 min. The washing step was carried out after each extraction-desorption process in 
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order to minimize carryover. Additionally, the deionized water was acidified to pH 3.5 in 
the washing of Fiber 4 in order to prevent possible ion exchange between the carboxylic 
acid group in Fiber 4 and ionized analytes.  
3.2.5.2 Optimization of SPME parameters for the PDMS/DVB fiber 
The extraction/desorption parameters including desorption solvent, pH, and 
extraction time were studied individually for the PDMS/DVB fiber. The desorption 
solvent was optimized using the same method as the PIL-based fibers. A sorption-time 
profile was generated with the extraction time ranging from 0 to 120 min. The sample 
solution pH was varied from 2.5 to 7.5, since the lowest suggested working pH for the 
PDMS/DVB fiber is 2. The same desorption time and desorption solvent volume used for 
the PIL-based fibers was applied for the PDMS/DVB fiber.  
3.2.6 Side-by-side comparison of different PIL coatings, bare supports, and PDMS/DVB 
fiber  
 The selectivity for target analytes was studied by comparing the extraction 
efficiency of analytes obtained by the six different PIL sorbent coatings under the 
optimized extraction/desorption conditions. The effect of PIL sorbent coating film 
thickness on extraction efficiency was studied by comparing the extraction performance 
using two fibers polymerized from the  [VC10OHIM][Cl] IL monomer and the 
[(VBIM)2C12] 2[Cl] IL crosslinker with varied film thickness. Two surface derivatized 
nitinol supports without sorbent coating, namely Fiber a and Fiber b, were also studied 
under the same extraction/desorption conditions. Fiber a was produced by treating the 
nitinol fiber with H2O2 while Fiber b was produced by treating the fiber with H2O2 
followed by VTMS to functionalize the surface with vinyl moieties. Finally, a 
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PDMS/DVB fiber was also applied for the extraction at the same analyte concentration 
under the optimized extraction/desorption conditions.  
3.2.7 Method validation and recovery using Fiber 3B  
The established analytical method was validated by performing SPME using Fiber 
3B in real water samples, including tap water and lake water. Both tap water and lake 
water were collected locally in Ames, Iowa (USA). The microscopic particles in lake 
water were removed by using a polyethersulfone syringe filter (0.2 µm). The recovery 
study was carried out by spiking a known amount of analytes into real water samples 
with an adjusted pH of 1.5. The relative recovery was obtained by comparing the 
experimental concentration value to the theoretical value.  
 
3.3 Results and discussion 
3.3.1 Structural design of crosslinked PIL-based sorbent coatings 
Six different PIL-based sorbent coatings based on the combination of various IL 
monomers and crosslinkers were prepared in this study to explore their selectivity 
towards target analytes. As shown in Table 1, most analytes contain a number of different 
substituents including aromatic moieties, carbonyls, secondary amines, hydroxyls, and/or 
halogens. In order to investigate the interaction between the analytes and sorbent coating, 
the nature of the PIL sorbent coatings was varied by employing different anions and 
functional groups appended to the IL cations. Table 2 contains the composition of the six 
sorbent coatings based on the structural make-up of the IL monomers and crosslinkers. 
The chloride anion was incorporated in Fiber 2, 3, and 4 in order to enhance the hydrogen 
bonding basicity of the sorbent coatings compared to Fiber 1 and 6 which contain the 
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NTf2- anion. Furthermore, hydroxyl moieties were incorporated in Fiber 3, 5, 6, and 
carboxylic acid moieties into Fiber 4 in an effort to enhance the hydrogen bonding 
acidity, which can improve the hydrogen bonding interactions between the PIL and 
hydrogen bonding basic analytes. The length of alkyl chain substituents in the cation of 
the monomer was varied in Fiber 3 and 5 in order to explore the effect of dispersive-type 
interactions on extraction efficiency. Aromatic moieties were introduced into all of the 
PIL sorbent coatings to enhance - interactions between the sorbent coating and 
analytes. Additionally, the crosslinked structures of the studied PILs can enhance the 
sorbent coating robustness and resilience when performing analyte desorption using 
organic solvents. 
3.3.2 Optimization of extraction/desorption parameters for PIL-based fibers using Fiber 1  
3.3.2.1 Mixture Design  – optimization of desorption solvent  
The desorption solvent was optimized using a mixture design consisting of a 
triangular surface response. Three polar organic solvents including acetonitrile, acetone, 
and methanol were selected for optimization. The average peak areas of all analytes 
obtained using the different desorption solvents were plotted to provide insight to their 
relative desorption strength. A higher average peak area indicates better desorption 
capability. As shown in Figure 1A, methanol exhibited slightly better desorption strength 
compared to acetone while acetonitrile provided the poorest desorption strength. The 
solvent desorption strength was observed to vary based on the type of analytes. As shown 
in Figure B10 (Appendix B), methanol was the best desorption solvent for select 
pharmaceutical drugs and phenolics examined in this study, while acetone exhibited 
better desorption strength for insecticides. Acetonitrile was found to be the least desirable 
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desorption solvent for all three classes of analytes. Therefore, methanol was chosen as the 
optimum desorption solvent for subsequent studies.  
 
A. 
  
B. 
  
Figure 1.  Triangular surface responses obtained from the mixture design for optimizing 
the desorption solvent type using (A) Fiber 1 and (B) PDMS/DVB fiber. Concentration of 
analytes: 400 µg L-1; Extraction time: 30 min; Desorption time: 15 min; Desorption 
solvent volume: 50 µL.  
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3.3.2.2 Two level full factorial design  – prioritization of the extraction/desorption 
parameters 
 A two level full factorial design was applied for prioritizing the four 
extraction/desorption parameters including pH, extraction time, desorption time, and 
desorption solvent volume. A Pareto chart was generated after plotting the average peak 
areas of all analytes obtained under different experimental conditions. As shown in 
Figure 2, all four parameters exhibited considerable importance based on the standardized 
effect estimate (p is greater than 0.05). The pH of the sample solution was found to be the 
most important parameter followed by desorption solvent volume and extraction time. 
The desorption time was found to be the least important parameter affecting the 
enrichment of analytes. Additionally, the impact value for the desorption solvent volume 
is negative  
 
Figure 2.  Pareto chart obtained using Fiber 1 for prioritizing the four 
extraction/desorption parameters pH, extraction time, desorption time, and desorption 
solvent volume. 
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ndicating that lower desorption solvent volume is more beneficial for the enrichment of 
analytes. Therefore, a solvent volume of 30 µL was chosen for subsequent experiments. 
The impact value for desorption time was positive suggesting that longer desorption 
times is more beneficial for the enrichment of analytes. A desorption time of 15 min was 
applied for all subsequent studies to form a compromise between the experiment time and 
enrichment performance.      
3.3.2.3 Optimization of extraction time and sample solution pH 
As two relatively important parameters, the extraction time and sample solution 
pH were further studied as individual variables. As shown in Figure 3A, a sorption-time 
profile using Fiber 1 was generated by varying the extraction time between 0 to 90 min. 
Most analytes achieved equilibration in approximately 60 min. The peak areas of 
fenoprofen, ibuprofen, 2,4,6-trichlorophenol, and diclofenac sodium were slightly lower 
at an extraction time of 90 min compared to 60 min. This may be due to the competition 
among analytes within the solution. Therefore, an optimal extraction time of 60 min was 
used when employing the PIL-based fibers for extraction. The precision of the extractions 
was evaluated at 30 min and 60 min and varied from 1.6% to 18.9%.  
According to Figure 2, a negative impact value for pH was shown in the Pareto 
chart indicating better enrichment can be achieved at relatively lower pH values. 
Therefore, a pH range of 1.5-5.5 was chosen for the optimization experiments. As shown 
in Figure 4A, the enrichment of most analytes was enhanced when the pH of the sample 
solution was decreased from 5.5 to 1.5. Additionally, the extraction efficiency of 
phenacetin and 17 -ethynylestradiol were similar when the pH was varied from 1.5 to 
4.5, while the extraction efficiency decreased when the pH was increased to 5.5.  
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A.  
  B. 
     
Figure 3.  Sorption-time profiles obtained using (A) Fiber 1 and (B) PDMS/DVB fiber. 
Concentration of analytes: 400 µg L-1; Desorption time: 15 min. (A). pH: 1.5; Desorption 
solvent: 30 µL of methanol. (B). pH: 2.0; Desorption solvent 30 µL of acetonitrile. ( ) 
Phenacetin; ( ) 2,4-Dinitrophenol; ( ) 2-Nitrophenol; ( ) Ketoprofen; ( ) 17 -
Ethynylestradiol; ( ) Fenoprofen calcium; ( ) 2,4,6-Trichlorophenol; ( ) Diclofenac 
sodium; ( ) Ibuprofen; ( ) Hexaflumuron; ( ) Phoxim; ( ) Chlorfenapyr; ( ) 
Flufenoxuron; ( ) Hexythiazox; ( ) Chlorfluazuron; ( ) Deltamethrin; ( ) Fenvalerate; (
) -Fluvalinate. 
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A. 
  
B. 
 
  
Figure 4. Optimization of sample solution pH using (A) Fiber 1 and (B) PDMS/DVB 
fiber. Concentration of analytes: 400 µg L-1; Desorption time: 15 min. (A). Extraction 
time: 60 min; Desorption solvent: 30 µL of methanol. (B). Extraction time: 90 min; 
Desorption solvent volume: 30 µL of acetonitrile. ( ) Phenacetin; ( ) 2,4-Dinitrophenol; 
( ) 2-Nitrophenol; ( ) Ketoprofen; ( ) 17 -Ethynylestradiol; ( ) Fenoprofen calcium; 
( ) 2,4,6-Trichlorophenol; ( ) Diclofenac sodium; ( ) Ibuprofen; ( ) Hexaflumuron; (
) Phoxim; ( ) Chlorfenapyr; ( ) Flufenoxuron; ( ) Hexythiazox; ( ) Chlorfluazuron; 
( ) Deltamethrin; ( ) Fenvalerate; ( ) -Fluvalinate.  
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Therefore, a sample solution pH of 1.5 was applied for the subsequent studies since the 
best overall extraction efficiency was obtained for most analytes at this pH. A Doehlert 
design was also performed for simultaneous optimization of sample solution pH and 
extraction time. As shown in Figure B11 (Appendix B), the obtained results were 
consistent with the aforementioned optimization results.   
3.3.3 Optimization of extraction/desorption parameters for the PDMS/DVB fiber 
Analogous to the PIL-based sorbent coatings, the desorption solvent, extraction 
time, and sample solution pH were optimized for the commercial PDMS/DVB coating. 
Compared to the PIL-based sorbent coating, varying desorption abilities of the studied 
organic solvents for the analytes were observed when the mixture design was performed 
for the PDMS/DVB fiber. As shown in Figure 1B, acetonitrile exhibited the best 
desorption of the analytes. Interestingly, a mixture of acetonitrile and methanol (50:50, 
v/v) was the optimal desorption solvent for select pharmaceutical drugs (see Figure B12, 
Appendix B). However, acetonitrile was found to be the best desorption solvent for 
phenolics and insecticides. Additionally, methanol exhibited the poorest desorption 
strength for phenolics and insecticides. In light of these results, acetonitrile was applied 
as the desorption solvent of choice for the PDMS/DVB fiber.  
A sorption-time profile, as shown in Figure 3B, was generated using the 
PDMS/DVB fiber at extraction times varying from 0 min to 120 min. Since most analytes 
achieved equilibrium at 90 min, an extraction time of 90 min was selected for further 
studies. The precision was evaluated at extraction times of 30 min and 60 min. As shown 
in Table B1B (Appendix B), the relative standard deviation obtained for all analytes 
ranged from 0.8% to 14.7%.   
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The sample solution pH, as shown in Figure 4B, was studied from 2.5 to 7.5 using 
the PDMS/DVB fiber. The peak areas of most analytes decreased when the pH increased 
from 2.5 to 7.5, especially for 2,4-dinitrophenol, ketoprofen, fenoprofen, diclofenac 
sodium, and ibuprofen. On the other hand, the peak areas of other analytes, such as 17 α-
ethynylestradiol, 2-nitrophenol, 2,4,6-trichlorophenol, hexaflumuron, chlorfenapyr, and 
hexythiazox, were not largely affected when the pH was varied.    
3.3.4 Side-by-side comparison of commercial and PIL-based sorbent coatings  
 The selectivity of the six different PIL sorbent coatings towards the studied target 
analytes can be evaluated by comparing their extraction efficiencies, as shown in Figure 
5A and 5B. Fiber 3, possessing a decanol substituent on the imidazolium cation and the 
chloride counter-ion, exhibited the best extraction performance for most analytes 
compared to other PIL-based fibers. Fiber 3, 4, 5, and 6 all contain hydroxyl or 
carboxylic acid moieties within the monomer cations and exhibited higher selectivity for 
17 -ethynylestradiol compared to Fiber 1 and 2, which possess a hexadecyl alkyl chain. 
This may be due to an enhanced hydrogen bonding interaction between these sorbent 
coatings and the two hydroxyl groups within the analyte structure. It was also found that 
Fiber 2 exhibited the lowest extraction efficiency of insecticides compared to the other 
PIL-based fibers. The film thicknesses of all PIL fibers (shown in Table 2 based on SEM 
images) were comparable, with the exception of Fiber 3B.  
 The effect of film thickness for the PIL-based sorbent coating on the extraction 
efficiency of all analytes was examined by studying two fibers, namely, Fiber 3A and 3B, 
comprised of the same PIL composition but with varying film thicknesses. As shown in 
Figure 5A and 5B, the extraction efficiency of pharmaceutical drugs and phenolics 
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increased when using the thicker sorbent coating while the selectivity for the analytes 
remained the same. Nevertheless, the extraction efficiency of most insecticides remained 
largely unchanged between the two fibers, with the exception of phoxim and 
chlorfenapyr. The extraction efficiency of phoxim and chlorfenapyr improved when the 
film thickness of the sorbent coating was increased. The select pharmaceutical drugs, 
phenolics, and the two aforementioned insecticides are relatively more polar (Log P 
varying from 1.65 to 4.88) and possess a less bulky structure compared to the rest of the 
insecticides (Log P varying from 4.81 to 6.55), which may play a role in the observed 
extraction behavior.  
 Two surface derivatized supports lacking any PIL sorbent coating, namely, Fiber 
a and Fiber b, were also studied in the extraction of target analytes. As shown in Figure 
5A and 5B, the peak areas of pharmaceutical drugs and phenolics were less than 3% 
compared to those obtained for Fiber 3B, except in the case of 2-nitrophenol extracted by 
Fiber b (8.5%). Even though the bare supports exhibited noticeable extraction of 
insecticides, they were still considerably lower than most of the PIL-based sorbent 
coatings. The extraction efficiency of analytes obtained by the PDMS/DVB fiber was 
comparable to Fiber 3B. The PDMS/DVB fiber exhibited higher extraction efficiency for 
2-nitrophenol, 2, 4, 6-trichlorophenol, fenoprofen, ibuprofen, phoxim, chlorfenapyr, and 
hexythiazox compared to the PIL fiber. However, the extraction efficiency of 17 -
ethynylestradiol, hexaflumuron, flufenoxuron, chlorfluazuron, deltamethrin, fenvalerate, 
and τ-fluvalinate were significantly poorer than Fiber 3B. It is also worth noting that 
extractions using the PDMS/DVB fiber were performed at an extraction time of 90 min 
which was longer than the PIL fiber.  
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3.3.5 Analytical performance, method validation, and recovery from real water samples 
The analytical performance was determined for Fiber 3B by constructing 
calibration curves and determining limits of detection (LODs) for all analytes as well as 
the precision of the method. As shown in Table 3, the linear range varied from 1 to 500 
µg L-1 for most analytes except for ibuprofen and fenvalerate, which were studied from 5 
to 500 µg L-1. Good linearity with correlation coefficients (R) varying from 0.998 to 
0.999 was obtained using five concentration levels. The LOD was determined by 
reducing the analyte concentration until a 3 : 1 signal : noise ratio was achieved. The 
LODs of all target analytes using Fiber 3B varied from 0.2 to 2 µg L-1. The precision of 
the method was determined at different analyte concentrations, including, the respective 
LODs, 1 µg L-1, and 100 µg L-1; wherein the relative standard deviations (%RSD) varied 
from 0.3% to 19.2%. 
 A recovery study was performed using Fiber 3B in two water samples, namely, 
tap water and lake water. No detectable signal was observed for any of the analytes 
studied within both water samples. The recovery study was carried out by performing 
extractions from the water samples spiked at two different analyte concentration levels. 
As shown in Table 4, recoveries ranged from 50.2% to 103.2% at a spiked concentration 
of 1.5 µg L-1 in tap water, while recoveries ranged from 77.8% to 115.9% at 150 µg L-1. 
Acceptable recoveries were also obtained in the lake water matrix; recoveries ranged 
from 51.2% to 116.6% at a spiked concentration of 1.5 µg L-1 and from 48.8% to 111.8% 
at 150 µg L-1. 
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                           Table 3. Figures of merit for Fiber 3B in the analysis of target analytes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                        a Precision at LOD; b Precision at 1 µg L-1; c Precision at 100 µg L-1; d Not detected  
 
 
Analyte 
Linear range 
(µg L-1) Slope ± error 
LOD 
(µg L-1) R 
  
%RSD (n = 3) 
  
LOD a  1 µg L-1 b 100 µg L-1 c 
Phenacetin  1-500 129 ± 0.9 0.5 0.999 11.9 3.1 1.3 
2,4-Dinitrophenol   1-500 431 ± 5.2 0.2 0.999 17.7 15.7 2.5 
2-Nitrophenol   1-500 67 ± 0.8 0.5 0.999 8.6 17.8 0.8 
Ketoprofen  1-500 977 ± 10.7 0.2 0.999 13.4 6.6 3.7 
17 α-Ethynylestradiol   1-500 1429 ± 5.0 0.5 0.999 8.3 13.2 1.7 
Fenoprofen  1-500 1178 ± 5.3 0.5 0.999 14.0 14.5 3.0 
2,4,6-Trichlorophenol   1-500 1224 ± 9.8 0.5 0.999 19.0 9.2 0.3 
Diclofenac sodium    1-500 630 ± 7.6 0.2 0.999 19.2 17.4 4.5 
Ibuprofen  5-500 571 ± 17.7 2.0 0.999 13.3   N/A d 3.5 
Hexaflumuron  1-500 1822 ± 17.8 0.2 0.999 8.6 8.3 10.5 
Phoxim  1-500 761 ± 16.1 0.5 0.999 14.2 13.1 3.3 
Chlorfenapyr  1-500 1160 ± 36.5 0.2 0.999 4.6 6.6 7.5 
Flufenoxuron  1-500 2028 ± 57.2 0.2 0.999 14.2 13.6 15.7 
Hexythiazox  1-500 447 ± 8.9 0.5 0.999 4.5 16.6 8.1 
Chlorfluazuron  1-500 2531 ± 86.7 0.2 0.998 5.6 13.6 17.3 
Deltamethrin  1-500 2279 ± 89.9 0.5 0.998 7.1 7.4 16.9 
Fenvalerate  5-500 2461 ± 112 1.0 0.998 11.3 11.3 15.7 
τ-Fluvalinate  1-500 1411 ± 55.2 0.5 0.998 10.3 18.6 18.3 
                     68 
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3.4 Conclusions 
 Neat crosslinked PIL-based SPME sorbent coatings were coupled for the first 
time to HPLC for the analysis of pharmaceutical drugs, phenolics, and insecticides. Fiber 
3, comprised of a decanol side chain appended to an imidazolium cation and a chloride 
anion, exhibited the best extraction efficiency for most analytes compared to other 
coatings. The effect of film thickness on the extraction efficiency was explored, wherein 
the peak areas of select pharmaceutical drugs and phenolics were increased while the 
peak areas of most insecticides remained similar when the film thickness increased. 
LODs at the sub part-per-billion levels were obtained using UV detection. Furthermore, 
good recoveries were achieved in real water samples, including tap water and lake water. 
The development of HPLC-compatible PIL sorbent coatings broadens the applicability of 
these materials towards a larger pool of analytes, particularly non-volatile, polar, and 
ionizable compounds. The ability to vary the selectivity of the extraction by tailoring the 
PIL chemical structure as well as enhancing the durability of the materials by 
crosslinking to super elastic nitinol supports further demonstrates the advantages of these 
sorbent coatings. On-going studies are aimed at understanding the structure-function 
relationship of these materials with regard to extraction selectivity as well as examining 
them in complex environmental and biological matrices. 
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                                 Table 4. Applications to real water samples using Fiber 3B 
 
 Analyte 
%Recovery ± SD 
Tap water Lake water 
1.5 µg L-1 a 150 µg L-1 a 1.5 µg L-1 a 150 µg L-1 a 
Phenacetin  80.2 ± 3.8 85.8 ± 5.9 79.8 ± 10.6 102.1 ± 12.8 
2,4-Dinitrophenol   80.5 ± 3.3 84.2 ± 7.3 74.0 ± 9.0 101.1 ± 12.6 
2-Nitrophenol   73.8 ± 2.5 96.0 ± 7.3 97.4 ± 14.5 113.6 ± 5.1 
Ketoprofen  90.9 ± 1.3 81.6 ± 7.2 77.5 ± 3.2 94.8 ± 10.1 
17 α-Ethynylestradiol   56.3 ± 1.0 91.5 ± 9.8 53.9 ± 4.7 104.0 ± 10.1 
Fenoprofen  86.0 ± 1.8 82.1 ± 7.4 81.9 ± 3.4 93.0 ± 10.2 
2,4,6-Trichlorophenol   61.7 ± 2.4 96.3 ± 8.5 51.7 ± 3.3 111.8 ± 12.3 
Diclofenac sodium    70.8 ± 1.5 87.2 ± 9.4 58.1 ± 1.3 95.3 ± 11.4 
Ibuprofen  94.2 ± 10.7 77.8 ± 11.4 106.9 ± 12.3 89.1 ± 10.1 
Hexaflumuron  50.2 ± 2.1 100.8 ± 16.5 51.2 ± 4.0 64.2 ± 3.9 
Phoxim  75.0 ± 1.2 115.9 ± 14.4 76.9 ± 4.2 54.0 ± 9.7 
Chlorfenapyr  78.1 ± 1.4 105.8 ± 15.6 73.7 ± 5.3 67.6 ± 3.8 
Flufenoxuron  80.1 ± 1.4 91.1 ± 18.3 84.6 ± 13.9 52.9 ± 3.5 
Hexythiazox  69.2 ± 7.4 104.5 ± 11.2 78.7 ± 1.8 68.7 ± 1.5 
Chlorfluazuron  86.1 ± 2.0 86.9 ± 17.9 92.3 ± 14.1 48.8 ± 2.9 
Deltamethrin  80.4 ± 6.1 86.1 ± 16.6 91.0 ± 12.6 49.7 ± 3.4 
Fenvalerate  103.2 ± 13.0 87.4 ± 17.5 116.6 ± 15.5 52.4 ± 4.0 
τ-Fluvalinate  86.6 ± 4.0 86.4 ± 18.0 95.0 ± 19.0 49.1 ± 4.1 
                                                               a Spiked concentrations  
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COATING BY DIRECT IMMERSION-HEADSPACE SOLID-PHASE 
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Abstract 
The use of highly robust polymeric ionic liquid (PIL) sorbent coatings combined 
with direct immersion (DI) and headspace (HS) modes in a single solid-phase 
microextraction (SPME) procedure coupled to gas chromatography (GC) is reported. 
Target analytes with a wide range of volatilities including polycyclic aromatic 
hydrocarbons, organochlorine pesticides, and phthalate esters were studied. Three PIL-
based sorbent coatings were evaluated and the highest extraction efficiency for most 
analytes was obtained using the PIL coating consisting of the 1-vinylbenzyl-3-
hexadecylimidazolium bis[(trifluoromethyl)sulfonyl]imide [VBC16IM][NTf2] IL 
monomer and the [(VBIM)2C12]2[NTf2] IL crosslinker. The combined DI-HS mode 
allowed for a compromise extraction condition among the different classes of analytes 
compared to the use of DI and HS modes separately. An extraction temperature of 40 °C 
and an extraction time of 50 min with 50% of this time in HS mode was optimized by 
application of a central composite design. Satisfactory analytical performance was 
achieved with limits of detection varying from 0.003 to 0.15 μg L−1 and calibration curve 
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correlation coefficients ranging from 0.980 to 0.999. Analyte relative recoveries from tap 
and lake water ranged from 52.3 to 116.8% with relative standard deviations ranging 
from 0.3 to 19.3%. 
4.1 Introduction 
Sample preparation is a crucial component of the analytical process and is often 
needed to overcome difficulties in introducing the sample to various forms of analytical 
instrumentation, conversion of analytes to a more detectable form, as well as separation 
and preconcentration from the sample matrix [1, 2]. Even with the modernization of 
analytical instrumentation which has simplified the use of complex and laborious sample 
preparation methods, it is often considered a significant bottleneck in chemical analysis 
[3]. 
One of the more popular miniaturized sample preparation techniques is solid-
phase microextraction (SPME), developed by Pawliszyn and coworkers in the 1990s [4]. 
SPME is a non-exhaustive extraction technique based on the partitioning of analytes 
within a sample matrix to a sorbent phase that is often coated or immobilized on a 
support [5, 6]. Among the advantages of SPME are the elimination of organic solvents in 
the extraction procedure, consolidation of sampling and preconcentration into one step, 
ease of automation, and high enrichment factors [7]. This sample preparation technique 
has been successfully applied for the analysis of many types of analytes including 
pesticides [8-12], phenols [13, 14], polycyclic aromatic hydrocarbons [15-17], benzene, 
toluene, ethyl benzene and xylene [18, 19], triazine herbicides [20], phthalate esters [21], 
toxins [22], drugs [23-26], as well as the volatile profiling of different matrices [27-29]. 
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An important factor associated with the extraction capabilities of SPME is related 
to the nature of the sorbent coating. Extraction phases that are highly selective toward 
target analytes are highly desired [30]. Therefore, the development and improvement of 
extraction phases for SPME represents a continuing and growing area of study in order to 
expand the applicability of the methods to a wider group of analytes and/or matrices. One 
class of materials that have been increasingly investigated as sorbent coatings in SPME 
are polymeric ionic liquids (PILs).  
PILs were first introduced as sorbent coatings for SPME coupled to gas 
chromatography (GC) in 2008 [31]. These materials are attractive due to fact that the 
chemical structure and makeup of the ionic liquid (IL) monomer can be tailored [32, 33]. 
In addition, PILs exhibit high thermal stability providing enhanced robustness and 
reusability of the fiber coating [34]. PILs have been applied successfully in SPME for the 
determination of different classes of compounds from a number of different matrices [7, 
35-38]. In addition to fused silica supports, superelastic nitinol wires can be use as 
durable supports for PIL-based coatings [39, 40]. In this approach, the PIL-based sorbent 
coatings were produced by ultraviolet copolymerization of monocationic IL monomers 
and dicationic IL crosslinkers to provide a crosslinked PIL network. The PIL-based 
sorbent coating was covalently attached to NiTi supports that had been previously 
oxidized in a boiling (30% w/w) H2O2 solution and derivatized in vinyltrimethoxysilane 
(VTMS). 
SPME is typically performed in two basic modes, namely, direct immersion (DI) 
and headspace (HS). Choosing the appropriate mode depends on the sample and the 
characteristics of the target analytes. Generally, for the analysis of aqueous samples 
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containing no particulate material and analytes with low volatilities, DI mode is most 
often used. On the other hand, if the analytes have high volatilities and the sample 
contains some particulate material or the sample is present in a solid form, HS mode is 
preferred. Samples that contain analytes with large differences in volatility are more 
problematic since choosing only one extraction mode typically results in decreased 
extraction efficiencies for the analytes in which the other mode is more suitable. Taking 
into account this issue, Carasek and coworkers have developed a microextraction mode 
using both DI and HS mode within the same extraction procedure, thereby allowing for a 
“compromise condition” among the different classes of studied analytes [19]. This 
extraction strategy has been applied for SPME [19, 41] as well as single drop 
microextraction [42]. 
The aim of this study is to evaluate the DI-HS sampling mode for the 
determination of possible contaminants of water supplies possessing different volatility 
including ethyl benzene, m-xylene, organochlorine pesticides, polycyclic aromatic 
hydrocarbons, and phthalate esters using robust and selective PIL-based sorbent coatings. 
Optimization of extraction conditions was determined using central composite design. 
Analyte relative recovery in tap and lake water was evaluated using a PIL sorbent coating 
comprised of the 1-vinylbenzyl-3-hexadecylimidazolium bis[(trifluoromethyl) 
sulfonyl]imide [VBC16IM][NTf2] IL monomer and 1,12-di(3-vinylbenzylimidazolium) 
dodecane dibis[(trifluoromethyl) sulfonyl]imide [(VBIM)2C12]2[NTf2] (IL crosslinker), 
which presented the overall best extraction efficiency compared to the other PIL-based 
sorbent coatings examined in the study. 
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4.2 Experimental 
4.2.1 Instrumentation 
An Agilent 7890B gas chromatograph (Agilent Technologies Inc., Santa Clara, 
CA, USA) coupled to a 5977A MSD (GC/MS) employing a HP-5MS column (30 m × 
0.25 mm × 0.25 μm) obtained from Agilent Technologies was used in this study. The 
employed oven temperature program was: 40 °C (4 min hold), 10 °C min−1 to 80 °C and 
6 °C min−1 to 290 °C. The injector temperature was set at 250 °C except for the PIL-
based sorbent coatings composed of the chloride anion, in which 175 °C was used. The 
ion source was maintained at 260 °C. Ultra-pure helium was used as the carrier gas with a 
flow rate of 1 mL min−1. Injection was performed in the splitless mode and the mass 
spectrometer was operated in electron ionization (EI) mode at 70 eV. Analysis was 
performed in selected ion monitoring (SIM) mode. The choice of the target ions was 
based on the standard fragmentation mass spectra provided by the National Institute of 
Standards and Technology (NIST). The ions (m/z) presented in bold form were used for 
quantitation: ethyl benzene (51/91/106), m-xylene (91/105/106), naphthalene 
(127/128/129), acenaphthylene (76/151/152), acenaphthene (152/153/154), fluorene 
(165/166/167), phenanthrene (176/178/179), anthracene (176/178/179), fluoranthene 
(200/202/203), pyrene (200/202/203), di-iso-propyl phthalate (149/150/209), di-iso-butyl 
phthalate (47/149/150), di-heptyl phthalate (41/57/149), α-benzene hexachloride 
(109/181/183), β-benzene hexachloride (109/181/183), δ-benzene hexachloride 
(109/181/183), γ-benzene hexachloride (183/181/219), aldrin (66/79/263), heptachlor 
(100/272/274), heptachlor epoxide (81/353/355), and dieldrin (79/81/82). 
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A RPR-100 ultraviolet (UV) reactor purchased from Southern New England 
Ultraviolet Company (Bradford, Connecticut, USA) was used to perform UV-
photoinitiated polymerization. This instrument contained 16 lamps producing 
wavelengths of 254 nm or 360 nm. For Fiber 1 composed of the 1-vinylbenzyl-3-
hexadecylimidazolium bis[(trifluoromethyl)sulfonyl]imide [VBC16IM][NTf2] IL 
monomer and the [(VBIM)2C12]2[NTf2] (50% w/w of the monomer) IL crosslinker, a 
wavelength of 360 nm was used. In the case of Fiber 2 composed of the 1-vinyl-3-
hexylimidazolium chloride ([VC6IM][Cl]) IL monomer and the 1,12-di(3-
vinylimidazolium) dodecane dibromide ([(VIM)2C12]2[Br]) (50% w/w of the monomer) 
IL crosslinker and also for Fiber 3, comprised of the 1-vinylbenzyl-3-
hexadecylimidazolium chloride [VBC16IM][Cl] IL monomer and the 1,12-di(3-
vinylbenzylimidazolium) dodecane dichloride [(VBIM)2C12]2[Cl] (50% w/w of the 
monomer) IL crosslinker, a wavelength of 254 nm was employed. 
A JEOL JSM-6060LV scanning electron microscope (SEM) from JEOL 
Company Inc. (Peabody, MA, USA) was used for measurement of the film thickness and 
the characterization of the morphology of the PIL-based fibers. 
4.2 2 Reagents and materials 
The reagents 1-chlorohexane (99%), 1-chlorohexadecane, 1,12-dibromododecane 
(98%), acrylonitrile (99%), 4-vinylbenzyl chloride (90%), 1-vinylimidazole (99%), 
imidazole (≥99%), vinyltrimethoxysilane (VTMS) (98%) and 2-hydroxyl-2-
methylpropiophenone (DAROCUR 1173) were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Hydrogen peroxide (30%, w/w) was purchased from Fisher Scientific 
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(Fair Lawn, NJ, USA). The organic solvents acetonitrile and dimethyl sulfoxide were 
also purchased from Sigma-Aldrich. Lithium bis[(trifluoromethyl)sulfonyl]imide was 
obtained from SynQuest Laboratories (Alachua, FL, USA). Deionized water (18.2 MΩ 
cm) was obtained from a Milli-Q water purification system (Millipore, Bedford, MA, 
USA). 
A standard mix containing the organochlorine pesticides α-benzene hexachloride, 
β-benzene hexachloride, δ-benzene hexachloride, γ-benzene hexachloride, aldrin, 
heptachlor, heptachlor epoxide, and dieldrin at a concentration of 2000 μg mL−1 in 
toluene : hexane (50 : 50 v/v) was purchased from Sigma-Aldrich. Intermediate 
solutions at concentrations of 200 mg L−1, 10 mg L−1 and 0.1 mg L−1 were prepared from 
the initial standard mix using hexane as solvent. The analytes naphthalene, 
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 
di-iso-propyl phthalate, di-iso-butyl phthalate, and di-heptyl phthalate were obtained 
from Supelco (Bellefonte, PA, USA). Individual stock solutions of each analyte were 
prepared in acetonitrile at a concentration of 5000 μg L−1. Intermediate solutions 
containing a mixture of polycyclic aromatic hydrocarbons were also prepared in 
acetonitrile at concentrations of 200 mg L−1, 20 mg L−1 and 0.1 mg L−1. The same 
concentrations were used to prepare intermediate solutions containing phthalate esters. 
The analytes ethyl benzene and m-xylene were purchased from Sigma-Aldrich. Stock 
solutions of each analyte were prepared in acetonitrile at a concentration of 5000 μg L−1. 
Solutions containing a mixture of both analytes were prepared in acetonitrile at 
concentrations of 200 mg L−1 and 5 mg L−1. 
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Sample solutions were prepared by spiking an aliquot of each intermediate 
solution into the water sample. All aqueous sample solutions, except real samples, were 
prepared with deionized water (18.2 MΩ cm). Nitinol wire with a diameter of 128 μm 
was purchased from Nitinol Devices & Components (Fremont, CA, USA). For all 
extractions, amber glass vials (20 mL) with screw caps and polytetrafluoroethylene 
(PTFE)/silicone septa obtained from Supelco were used. Minisart® filters obtained from 
Sartorius (Goettingen, Germany) with 0.22 μm of pore size were used for the analysis of 
real samples (lake water). 
The commercial SPME fibers polydimethylsiloxane (PDMS, 7 μm), 
divinylbenzene/carboxen/polydimethylsiloxane (DVB/Car/PDMS, 50/30 μm), 
polyacrylate (PA, 85 μm), divinylbenzene/polydimethylsiloxane (DVB/PDMS 65 μm) 
and carboxen/polydimethylsiloxane (Car/PDMS, 75 μm) were obtained from Supelco. 
4.2.3 Synthesis of ionic liquids 
The synthesis of IL monomers [VBC16IM][NTf2], ([VC6IM][Cl]), 
[VBC16IM][Cl], and IL crosslinkers [(VBIM)2C12]2[NTf2], [(VIM)2C12]2[Br], 
[(VBIM)2C12]2[Cl] were carried out according to previously reported studies [31, 43, 44]. 
The 1H-NMR spectra of IL monomers and crosslinkers are shown in Figure C1-C6 of 
Appendix C. 
4.2.4 Fabrication of PIL-based SPME fibers 
All fibers were prepared following a previously published procedure [40]. Nitinol 
sections of approximately 1.5 cm were first placed in a boiling hydrogen peroxide 
solution (30%, w/w) at 72 °C for 2 h to functionalize the nitinol surface with Ti–OH 
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groups. After this step, the nitinol sections were reacted with VTMS at 85 °C for 2 h to 
chemically bond the organosilane to the surface of the alloy followed by rinsing with 
methanol and drying at 150 °C for 20 min. 
The nitinol supports were attached to SPME assemblies and dip-coated with a 
mixture of IL monomer, IL crosslinker (50% w/w of the monomer) and DAROCUR 1173 
photo-initiator (3% w/w of the coating mixture). The length of the PIL-based coating was 
kept constant at 1 cm. The chemical structures of the applied IL monomers and 
crosslinkers are shown in Table 1 as well as the wavelength and the time used for the 
polymerization reaction for each PIL-based coating. 
Characterization of the surface morphology and measurement of the sorbent 
coating film thickness was performed by SEM. Figure C7 (Appendix C) shows the SEM 
image for the cross-section of Fiber 1, which exhibited better extraction efficiency 
compared to other PIL-based sorbent coatings examined in this study. The fiber was 
imaged after 110 extraction cycles. All SEM measurements were performed according to 
the cross-section thickness of segments from each PIL-based sorbent coating. The 
average of these values obtained for Fiber 1, Fiber 2 and Fiber 3 were 21, 36 and 40 μm, 
respectively. 
4.2.5 Comparison of extraction efficiency for the HS, DI and DI-HS modes 
In order to evaluate the analyte extraction efficiency in each microextraction 
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Table 1. Chemical structures of the ILs monomers and crosslinkers used in this study to produce the crosslinked PIL-based sorbent 
coatings. 
 
 Structure of the monomer Structure of the crosslinker 
Wavelength for 
polymerization 
(nm) 
Polymerization 
time (min) 
Fiber 1 
 
360 30 
Fiber 2 
  
254 120 
Fiber 3 
 
254 120 
 
 
 
 
 
 
 
 
 
 
N N
C16H33
NTf2
N N
C12H24
N N
NTf2 NTf2
N N
C6H13
Cl
N N
C12H24
N N
Br Br
N N
C16H33
Cl
N N
C12H24
N N
Cl Cl
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monomer and the [(VBIM)2C12]2[NTf2] IL crosslinker (50% w/w of the monomer) was 
used. Aliquots of 15 mL of deionized water were spiked with 20 μg L−1 of each analyte. 
All extractions were performed in triplicate at 25 °C. When the DI and HS modes were 
performed separately, a total extraction time of 30 min was used. For the DI-HS mode, a 
total extraction time of 30 min was also used, with 15 min of sampling being performed 
in the DI mode followed by 15 min of sampling in the HS mode. In all extractions, the 
SPME fiber was maintained for 5 min in the GC injector to permit thermal desorption of 
the analytes. 
4.2.6 Optimization of the extraction conditions for DI-HS-SPME using PIL-based sorbent 
coating 
Optimization of the extraction temperature for each SPME mode was performed 
by evaluating the extraction temperatures of 25 °C, 40 °C, and 60 °C in triplicate. For this 
part of the study, an extraction time of 30 min was employed with constant stirring (600 
rpm) and a concentration of analytes at 20 μg L−1 in aqueous solution. 
To optimize the total extraction time and time in the HS mode, a central 
composite design using a series of extraction times (20, 30, 40, 50, 60 and 70 min) and 
varying percentage of time in the HS mode (0, 20, 40, 60, 80 and 100%) was performed. 
In this case, the geometric mean of the chromatographic peak areas obtained for the 
compounds of interest were considered. Aqueous solutions containing 20 μg L−1 of each 
analyte were used for extractions performed at 40 °C with constant stirring (600 rpm). 
Statistica 8.0 (STATSOFT, USA) software was used to evaluate the data. 
4.2.7 Comparison with commercial fibers 
A comparison of the analyte extraction efficiency was performed using the PIL-
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based coatings and 5 commercial fibers, namely, PDMS, DVB/Car/PDMS, DVB/PDMS, 
Car/PDMS, and PA. Aliquots of deionized water samples were spiked with 10 μg L−1 of 
each compound and optimized conditions determined for the DI-HS mode were applied. 
4.2.8 Determination of the analytical figures of merit 
The analytical figures of merit such as correlation coefficient (R), linear range, 
limits of detection (LOD) and quantification (LOQ) were determined. In addition, analyte 
relative recoveries for each compound were evaluated at two concentration levels using 
real samples (tap and lake water). Tap water samples were collected directly in Ames, IA, 
USA. Lake water samples were collected at Ada Hayden Heritage Park Lake, also 
located in Ames. The lake water samples were collected in amber glass flasks and stored 
under refrigeration (5 °C). Prior to analysis, these samples were subjected to filtration 
through a 0.22 μm pore size filters to remove particulate material. 
 
4.3 Results and discussion 
4.3.1 Evaluation of DI, HS and DI-HS modes 
The choice of the extraction mode in SPME directly affects the analyte extraction 
efficiency. In this study, the application of DI, HS and DI-HS modes using PIL-based 
sorbent coatings were evaluated. Fiber 1 was used as a model PIL-based sorbent coating 
in this comparison study. 
The bar graphs shown in Figure 1 represent the normalized peak area for each 
target analyte obtained using the DI, HS and DI-HS modes. In this case, the film 
thickness of the PIL-based sorbent coating was not taken into account, as the 
normalization of the peak areas was calculated based on the highest chromatographic    
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Figure. 1 Bar graphs representing the normalized peak areas of the target analytes using 
Fiber 1 in HS, DI and DI-HS modes for (A) analytes eluting up to 27 min and (B) 
analytes eluting after 27 min. Concentration of the analytes: 20 μg L−1; extraction time of 
30 min and stirring rate: 600 rpm. 
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peak area for each analyte. The analytes are organized according to their elution order 
and two graphs are shown to aid in visualization of trends. Extraction efficiencies for 
analytes that eluted up to 27 min are represented in Figure 1A and analytes that eluted 
after 27 min are shown in Figure 1B. 
According to Figure 1A and 1B and the ANOVA tables for select compounds 
shown in Table C1 of the supplemental material (Appendix C), the more volatile analytes 
including ethyl benzene and m-xylene as well as PAHs including naphthalene, fluorene 
and some organochlorine pesticides such as α-benzene hexachloride, β-benzene 
hexachloride, heptachlor and aldrin were better extracted using the HS mode. On the 
other hand, the DI mode produced higher extraction efficiencies for some PAHs 
including anthracene, phenanthrene, fluoranthene, pyrene and also for most of the 
phthalate esters studied in this work, except for di-iso-propyl ester. 
The application of the DI-HS mode permitted, in most of the cases, for an 
intermediate condition to be achieved between the extraction efficiency obtained 
separately in the HS and DI modes. In addition, for some analytes such as heptachlor 
epoxide and dieldrin, this mode allowed higher extraction efficiencies compared to those 
obtained using HS and DI modes separately. 
4.3.2 Optimization of extraction conditions for DI-HS mode using PIL-based sorbent 
coating 
The extraction conditions for the DI-HS mode were studied using Fiber 1. Three 
temperatures, namely, 25 °C, 40 °C and 60 °C were examined to determine the ideal 
extraction temperature in each extraction mode. Figure 2A and 2B shows the normalized 
peak area obtained from the sum of the chromatographic peak areas of all analytes in the  
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HS and DI modes, respectively. The extractions at different temperatures were performed 
with the same PIL-based sorbent coating; therefore, the film thickness was not taken into 
account in this normalization. The normalized peak areas were obtained based on the 
highest chromatographic peak area for each analyte. 
 
 
Figure 2. Bar graphs representing the normalized peak areas obtained from the 
chromatographic peak areas of the target analytes for optimization of extraction 
temperature in (A) HS mode and (B) DI mode using Fiber 1. Concentration of the 
analytes: 20 μg L−1; extraction time of 30 min and stirring rate: 600 rpm. 
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The extraction temperature is an important variable in SPME, particularly in the 
HS mode. According to Figure 2A, the extraction efficiencies in the HS mode were 
highest for most of the analytes using a temperature of 40 °C. In the HS mode, there are 
two processes involved in extraction: the release of analytes from the matrix and the 
sorption of analytes by the fiber coating [45]. Lower extraction efficiencies were obtained 
at 25 °C due to the fact that the analytes could not be efficiently released from the matrix 
to the headspace. For extractions using a temperature of 60 °C, the extraction efficiency 
was also lower compared to 40 °C. In this case, even at an elevated extraction 
temperature with presumably a larger amount of analytes in the headspace, lower 
responses were obtained. This is due to a decrease in the partition coefficient between the 
fiber coating and the analytes. 
According to Figure 2B, the DI mode provided higher extraction efficiencies at 25 
°C and 40 °C for more volatile analytes including ethyl benzene, m-xylene and also for 
lighter PAHs including naphthalene, acenaphthylene, and fluorene. Compared to other 
compounds, in most of the cases, extractions performed at 40 °C and 60 °C produced 
higher efficiencies compared to 25 °C. Since 40 °C provided better extraction efficiencies 
in the HS mode, this extraction temperature was chosen for the DI mode. Therefore, the 
optimal temperature used for both HS and DI mode was set at 40 °C. 
Following the optimization steps, the extraction time and percentage of time in 
the HS mode were also studied. A central composite design using five levels for each 
variable was performed, as previously described in the Experimental section. The 
response surface obtained is shown in Figure 3. 
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Figure 3. Response surface obtained from a central composite design for the 
optimization of extraction conditions in the DI-HS mode, using Fiber 1. A series of 
extraction times (20, 30, 40, 50, 60 and 70 min) and percentage of time in the HS mode 
(0, 20, 40, 60, 80 and 100%) were examined. Concentration of the analytes 20 μg L−1; 
extraction temperature of 40 °C and stirring: 600 rpm. 
 
According to the response surface, higher extraction efficiencies were obtained 
using an extraction time of 50 min along with 50% of the extraction being performed in 
the HS mode. Therefore, the optimized extraction conditions using the PIL-based sorbent 
coating (Fiber 1) were: total extraction time of 50 min, 25 min performed in DI mode 
followed by 25 min in HS mode. 
4.3.3 Extraction efficiency comparison using DI-HS-SPME mode 
To evaluate the extraction efficiency of the various SPME sorbent coatings 
examined in this study, aqueous sample solutions containing 10 μg L−1 of each analyte 
were subjected to analysis. Extraction efficiencies of the three PIL-based sorbent coatings 
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(Fiber 1, Fiber 2 and Fiber 3) as well as the different commercial SPME fibers (PA, 
PDMS, Car/PMDS, DVB/Car/PDMS and DVB/PDMS) were evaluated. The optimized 
extraction conditions previously established were applied to all of these coatings. 
The analytes were divided in four groups, namely, volatile organic compounds 
(ethyl benzene and m-xylene), PAHs (naphthalene, acenaphthylene, acenaphthene, 
fluorene, phenanthrene, anthracene, fluoranthene and pyrene), organochlorine pesticides 
(α-benzene hexachloride, β-benzene hexachloride, δ-benzene hexachloride, γ-benzene 
hexachloride, aldrin, heptachlor, heptachlor epoxide and dieldrin) and phthalate esters 
(di-iso-propyl phthalate, di-iso-butyl phthalate, di-heptyl phthalate). The results shown in 
Figure 4A-D are based on the normalized peak area of each sorbent coating, obtained by 
taking the peak area corresponding to the sum of the analyte peak areas for each group 
divided by the film thickness of the coating [35, 46]. 
As shown in Figure 4A, higher extraction efficiencies were obtained for more 
volatile analytes using the Car/PDMS and DVB/Car/PDMS sorbent coatings. These 
coatings presented higher extraction efficiency compared to other commercial sorbent 
coatings such as PA and PDMS toward ethyl benzene and m-xylene. Due to high 
volatility of these compounds, sorbent coatings that act based on an adsorption 
mechanism provided higher extraction efficiencies [30]. Fiber 1 presented around 25% of 
the extraction efficiency compared to the Car/PDMS fiber, which provided the best 
extraction of these analytes. The extraction efficiency obtained for Fiber 1 was higher 
than Fiber 2 and Fiber 3 and also higher than the PDMS and PA sorbent coatings with 
regard to the normalized peak area. 
With regard to PAHs (Figure 4B), Fiber 1 outperformed all of the sorbent 
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coatings examined in this study. The high selectivity of Fiber 1 towards these analytes 
can be explained due to the presence of benzyl moieties with the chemical structure of 
both the IL monomer and IL crosslinker, thereby enhancing π–π interactions between the 
analytes and sorbent coating [47]. This behavior was also observed in the extraction of 
phthalate esters (Figure 4D), where Fiber 1 also exhibited the highest extraction 
efficiency compared to the other sorbent coatings examined in this study. 
 
 
Figure 4. Bar graphs containing the normalized peak area (sum of the chromatographic 
peak areas divided by the film thickness) using DI-HS mode for (A) volatile organic 
compounds; (B) PAHs; (C) organochlorine pesticides and (D) phthalate esters, using 
Fiber 1. Concentration of the analytes: 10 μg L−1; extraction time of 50 min, 25 min 
performed in DI mode followed by 25 min in HS mode; extraction temperature: 40 °C 
stirring: 600 rpm. 
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For organochlorine pesticides (Figure 4C), the highest extraction efficiency was 
obtained using the PDMS sorbent coating. The extraction efficiency obtained for these 
target analytes using Fiber 1 was higher than the Car/PDMS and PA coatings and similar 
to DVB/Car/PDMS and DVB/PDMS sorbent coatings. The superior extraction efficiency 
obtained using the PDMS sorbent coating can be explained by the nature of the 
organochlorine pesticides under study. These compounds belong to a non-polar class, 
therefore, a sorbent coating which possesses less polar characteristics is more suitable for 
their extraction [48]. 
4.3.4 Determination of analytical figures of merit using PIL-based sorbent coating and 
DI-HS-SPME mode 
In the last part of the study, the analytical figures of merit were determined in 
extractions using Fiber 1. For this step, previously optimized extraction conditions were 
used and a calibration curve was obtained by spiking known concentrations of each 
analyte in deionized water samples at five concentration levels. For the determination of 
LOD and LOQ, a previously reported method was adopted [12, 42, 49]. According to this 
method, the first point of the calibration curve was used as LOQ and the concentrations 
obtained for LOQ were divided by 3.3 to obtain the LOD. Precision studies were 
performed at two concentration levels (n = 3). The results for the analytical figures of 
merit are shown in Table 2. 
Good linearity was achieved using the proposed method as the calibration curves 
produced correlation coefficients (R) that varied from 0.980 for aldrin to 0.999 for di-
heptyl phthalate. The analyte precision varied from 1.8% at 3 μg L−1 of heptachlor to  
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                Table 2. Analytical figures of merit for Fiber 1 in DI-HS-SPME-GC-MS.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   
 
                                 a spiked concentrations for ethyl benzene and m-xylene: 1.5 μg L-1; PAH: 0.5 μg L-1; organochlorine pesticides: 0.5  μg L-1; phthalate esters: 0.5  μg L-1.  
                                 b spiked concentrations for ethyl benzene and m-xylene: 7.5 μg L-1; PAH: 5 μg L-1; organochlorine pesticides: 3  μg L-1 and phthalate esters: 3 μg L-1. 
Analyte Linear range  (μg L-1) 
LOD (μg 
L-1) 
LOQ (μg 
L-1) 
Correlation 
coefficient (R) 
Precision (%) 
Lower 
concentrationsa 
Higher 
concentrationsb 
m-xylene 0.5 - 10 0.15 0.5 0.997 12.3 4.8 
ethyl benzene 0.5 - 10 0.15 0.5 0.997 11.9 3.3 
naphthalene 0.01 - 10 0.003 0.01 0.996 2.9 10.7 
acenaphtylene 0.01 - 10 0.003 0.01 0.990 2.7 11.8 
pyrene 0.01 - 10 0.003 0.01 0.992 17.9 10.8 
fluoranthene 0.01 - 10 0.003 0.01 0.993 6.7 9.9 
acenaphthene 0.05 - 10 0.015 0.05 0.997 8.1 11.0 
fluorene 0.05 - 10 0.015 0.05 0.996 8.6 11.6 
anthracene 0.05 - 10 0.015 0.05 0.990 8.5 8.8 
phenanthrene 0.05 - 20 0.015 0.05 0.996 7.4 10.1 
heptachlor 0.03 - 5 0.01 0.03 0.994 13.7 1.8 
aldrin 0.03 - 5 0.01 0.03 0.980 14.4 5.2 
heptachlor epoxide 0.03 - 3 0.01 0.03 0.989 1.9 7.9 
α-benzene hexachloride 0.03 - 3 0.01 0.03 0.993 5.4 4.6 
β-benzene hexachloride 0.1 - 3 0.03 0.1 0.996 11.5 5.3 
δ-benzene hexachloride 0.1 - 5 0.03 0.1 0.993 10.6 5.1 
γ-benzene hexachloride 0.1 - 3 0.03 0.1 0.988 15.8 5.3 
dieldrin 0.1 - 3 0.03 0.1 0.997 9.4 12.3 
di-iso-propyl phthalate 0.1 - 5 0.03 0.1 0.992 12.6 6.2 
di-iso-butyl phthalate 0.1 - 5 0.03 0.1 0.989 7.9 11.7 
di-heptyl phthalate 0.1 - 5 0.03 0.1 0.999 17.3 7.0 
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17.9% at 0.5 μg L−1 of pyrene. 
The results obtained using the DI-HS-SPME approach showed good analytical 
performance compared to previously reported studies. The achieved part-per-trillion 
detection limits for PAHs using this proposed approach were comparable to those 
reported by King et al. [50]. in water samples. In addition, the use of PIL-based sorbent 
coating (Fiber 1) provided higher sensitivity in the determination of PAHs compared to 
results obtained by Bianchin et al. [19]. using the DI-HS-SPME approach with a 
commercial SPME fiber. Also, using this proposed methodology, the limits of detection 
for the analysis of organochlorine pesticides ranged from 0.01 to 0.03 μg L−1 and were 
similar to those obtained by Tomkins et al. [51]. In addition, for ethyl benzene and m-
xylene as well as for phthalate esters the results were very satisfactory and comparable to 
previously reported studies [19, 52].  
Analyte recoveries were performed by spiking known concentrations of the 
analytes in real samples (tap and lake water). A total ion chromatogram obtained from a 
spiked deionized water sample is shown in Figure 5. Two concentration levels for each 
analyte were used and the results obtained for the recoveries as well as the obtained 
precision are shown in Table 3. 
Analyte recoveries exhibited acceptable results with values ranging from 52.3% 
for 0.3 μg L−1 of di-iso-butyl phthalate to 114.1% for 0.25 μg L−1 of pyrene from lake 
water samples at lower concentration levels and from 52.7% for 3 μg L−1 of di-iso-propyl 
phthalate to 108.8% for 7.5 μg L−1 of acenaphthylene at higher concentration levels. With 
regard to tap water samples, recoveries ranged from 61.1% for 0.3 μg L−1 of di-heptyl 
phthalate to 113.5% for 0.15 μg L−1 of β-benzene hexachloride at lower concentration 
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levels and from 60.6% for 3 μg L−1 of di-heptyl phthalate to 116.8% for 1 μg L−1 of β-
benzene hexachloride at higher concentration levels. Acceptable precision was obtained 
from the analyte relative recovery studies with values varying from 0.3% for 7.5 μg L−1  
of m-xylene to 19.3% for 7.5 μg L−1 of naphthalene. 
 
 
Figure 5. Total ion chromatogram obtained using Fiber 1 from spiked deionized water 
samples at the following concentrations: volatile organic compounds (ethyl benzene and 
m-xylene): 7 μg L−1; phthalate esters: 7 μg L−1; PAH: 1.5 μg L−1 and organochlorine 
pesticides: 1.5 μg L−1. Extraction time of 50 min, 25 min performed in DI mode followed 
by 25 min in HS mode; extraction temperature: 40 °C stirring rate: 600 rpm. Analytes: 
(1) ethyl benzene; (2) m-xylene; (3) naphthalene; (4) acenaphthylene; (5) acenaphthene; 
(6) fluorene; (7) di-iso-propyl phthalate; (8) α-benzene hexachloride; (9) γ-benzene 
hexachloride; (10) β-benzene hexachloride; (11) anthracene; (12) phenanthrene; (13) δ-
benzene hexachloride; (14) di-iso-butyl phthalate; (15) heptachlor; (16) aldrin; (17) 
heptachlor epoxide; (18) fluoranthene; (19) pyrene; (20) dieldrin; (21) di-heptyl 
phthalate. 
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Table 3. Recoveries obtained for Fiber 1 using real samples 
 
 
 
Recovery (%)  ±  RSD (n = 3) 
Tap water Lake water 
 Lower 
concentrationsa 
Higher 
concentrationsb 
Lower 
concentrationsa 
Higher 
concentrationsb 
m-xylene 83.6 ± 7.4 95.6 ± 0.3 79.7 ± 7.8 67.9 ± 1.5 
ethyl benzene 87.9 ± 6.7 101.4 ± 0.8 80.6 ± 8.6 70.5 ± 1.9 
naphtalene 77.8 ± 7.5 84.1 ± 4.6 72.8 ± 8.7 104.0 ± 19.3 
acenaphtylene 101.1 ± 13 90.1 ± 10.2 84.4 ± 9.1 108.8 ± 4.9 
pyrene 71.1 ± 12.2 83.1 ± 2.1 114.1 ± 7.1 63.2 ± 2.5 
fluoranthene 71.7 ± 10.2 97.1 ± 11.6 86.9 ± 5.3 72.3 ± 2.1 
acenaphthene 91.1 ± 12.0 76.1 ± 3.9 106.7 ± 11.5 88.1 ± 18.2 
fluorene 97.3 ± 14.0 75.5 ± 5.3 70.9 ± 3.4 99.8 ± 12.8 
anthracene 83.5 ± 8.9 85.8 ± 4.4 79.6 ± 10.5 70.8 ± 2.7 
phenanthrene 100.5 ± 19.3 101.6 ± 16.1 112.9 ± 4.1 70.9 ± 7.3 
heptachlor 112.2 ± 11.6 68.7 ± 9.2 93.9 ± 14.6 106.8 ± 15.1 
aldrin 88.4 ± 10.1 98.1 ± 16 89.4 ± 9.1 83.1 ± 17.3 
heptachlor epoxide 63.4 ± 15.2 102.4 ± 0.5 65.6 ± 11.1 78.6 ± 5.3 
α-benzene hexachloride 89.6 ± 2.7 87.5 ± 3.5 108.1 ± 0.6 87.0 ± 8.3 
β-benzene hexachloride 113.5 ± 3.0 116.8 ± 6.3 84.9 ± 4.1 84.9 ± 4.1 
δ-benzene hexachloride 102.9 ± 1.4 111.2 ± 9.7 112.7 ± 6.5 74.6 ± 4.5 
γ-benzene hexachloride 84.8 ± 3.9 75.8 ± 8.7 95.6 ± 7.2 57.6 ± 3.5 
dieldrin 103.5 ± 17.1 95.4 ± 6.4 105.9 ± 14.2 76.6 ± 4.9 
di-iso-propyl phthalate 106.8 ± 8.9 71.9 ± 9.5 105.2 ± 3.5 52.7 ± 6.1 
di-iso-butyl phthalate 83.5 ± 15.3 66.5 ± 11.3 52.3 ± 6.4 53.4 ± 4.7 
di-heptyl phthalate 61.1 ± 13.1 60.6 ± 12.2 95.4 ± 6.6 53.1± 4.2 
 
alower concentrations for volatile organic compounds (ethyl benzene and m-xylene): 1.5 
μg L-1; PAH: 0.25 μg L-1; organochlorine pesticides: 0.15  μg L-1; phthalate esters: 0.3  μg 
L-1. 
bhigher concentrations for volatile organic compounds (ethyl benzene and m-xylene): 7.5 
μg L-1; PAH: 7.5 μg L-1; organochlorine pesticides: 1  μg L-1; phthalate esters: 3 μg L-1. 
 
 
4.4 Conclusions 
A crosslinked PIL-based sorbent coating (Fiber 1) employed in the DI-HS-SPME 
sampling mode produced good extraction efficiencies for the different classes of analytes 
examined in this study. Different SPME sampling modes were explored and the use of 
DI-HS-SPME permitted for a compromise extraction condition among the different 
analytes to be achieved. Simultaneous determination of analytes with widely varying 
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volatility/polarity is a formidable challenge in SPME, but the DI-HS mode can be useful 
for applications where the analytes belong to different chemical classes and exhibit 
distinct properties. A comparison of extraction efficiencies for the several sorbent 
coatings allows the observation of the selectivity for the PIL-based sorbent coating 
towards different classes of analytes. Fiber 1 provided good extraction efficiency for 
compounds that possess aromatic moieties producing LODs at the part-per-trillion levels 
for PAHs using MS detection in SIM mode. Acceptable linearity and precision were 
achieved and good recoveries were obtained for extractions performed in lake and tap 
water samples. 
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Abstract 
Three structurally different ionic liquids (ILs), namely 1-butyl-3-
methylimidazolium chloride ([BMIM][Cl]), 1-(6-hydroxyhexyl)-3-methylimidazolium 
chloride ([HeOHMIM][Cl]) and 1-benzyl-3-(2-hydroxyethyl)imidazolium bromide 
([BeEOHIM][Br]),  were applied as extraction solvents using in situ dispersive liquid-
liquid microextraction (in situ DLLME) for the preconcentration of two microcystin 
variants, microcystin-RR (MC-RR) and microcystin-LR (MC-LR) from aqueous samples. 
Extraction parameters including sample solution pH, ratio of IL to metathesis reagent, 
sample volume, IL quantity, and salt concentration were optimized to achieve the best 
extraction efficiency. The [BeEOHIM][Br] IL, which contains both an aromatic moiety 
and a hydroxyl group within its chemical structure, exhibited superior extraction 
efficiency compared to the other two ILs. The analytical performance of the 
[BeEOHIM][Br] IL as an extraction solvent for in situ DLLME of microcystins was 
investigated using HPLC-UV and HPLC-MS. The limits of detection (LODs) for MC-RR 
and MC-LR were 0.7 µg L-1 using UV detection with a linear range from 1-50 µg L-1. 
The separation method was successfully adapted for ESI-MS/SIM detection, wherein the 
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LODs for MC-RR and MC-LR were greatly improved to 0.005 and 0.003 µg L-1, 
respectively. The accuracy of the method was demonstrated by examining the relative 
recovery using tap water and river water and produced recoveries ranging from 45.0-
109.7% and 46.3-103.2%, respectively.  
 
5.1 Introduction 
Microcystins are a class of monocyclic heptapeptide hepatotoxins produced by 
certain species of freshwater cyanobacteria, mainly Microcystis aeruginosa. There are 
more than 90 microcystin variants that have been identified [1]. These variants typically 
contain three conserved D-amino acids, two varied L-amino acids, and two uncommon 
amino acids, namely, N-methyldehydroalanine and 3-amino-9-methoxy-2,6,8-trimethyl-
10-phenyldeca-4,6-dienoic acid (ADDA) [2]. The ADDA amino acid found in 
microcystin variants contributes to microcystin toxicity by inhibiting two major protein 
phosphatases in eukaryotic cells, protein phosphatase-1 (PP1) and protein phosphatase-
2A (PP2A) [3,4]. Interest in the analysis of microcystins has grown rapidly in recent 
years due to water contamination caused by cyanobacterial blooms [5]. The microcystin 
variants possess median lethal doses (LD50) ranging from 50 to 1200 µg kg-1 in mice [6]. 
Microcystin-LR (MC-LR) is one of the variants possessing acute toxicity (LD50 = 50 µg 
kg-1) [6], prompting the World Health Organization to establish a health-based standard 
concentration of 1 µg L-1 for MC-LR in drinking water [7].  
Solid-phase extraction (SPE) employing a reversed phase sorbent is among the 
most common sample preparation methods for microcystin analysis [2,8]. Due to the lack 
of selectivity, the extraction procedure usually requires repeated sample work-up in order 
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to achieve satisfactory extraction efficiency. To address this limitation, immunoaffinity 
sorbent phases containing microcystin antibodies have been applied in order to improve 
the extraction selectivity towards microcystins [9-11]. Additionally, bioassay methods 
such as enzyme-linked immunosorbent assays (ELISAs) and protein phosphatase 
bioassays have been applied subsequent to SPE pre-treatment [12-15] or utilized as off-
line detection methods in conjunction with high-performance liquid chromatography 
(HPLC) [16]. Unfortunately, these immunological and enzymatic bioassay approaches 
often require expensive substrates. Therefore, alternative extraction techniques that are 
rapid, selective, sensitive, and present a lower cost barrier should be explored in order to 
further improve the analysis of microcystins. 
Dispersive liquid-liquid microextraction (DLLME) was first described by Rezaee 
and co-workers in 2006 [17]. This sample preconcentration technique can often achieve 
good extraction efficiency by using a water miscible organic solvent to disperse a water-
immiscible extraction solvent within the aqueous sample. Fine droplets of the extraction 
solvent generate high contact surface area for the analytes to partition to the immiscible 
phase. Phase separation of the hydrophobic extraction solvent from the aqueous phase is 
usually accomplished by centrifugation [18-23] or by decreasing the solution temperature 
[24-26]. Subsequently, the extraction solvent containing the analyte(s) of interest can be 
withdrawn and subjected to chromatographic analysis. Ionic liquids (ILs) were first 
applied as extraction solvents for DLLME in 2008 [24, 27]. ILs possess high thermal 
stabilities and negligible vapor pressure at ambient temperatures. Additionally, their 
tunable chemical structures and unique solvation properties enable ILs to be attractive 
extraction solvents in DLLME. IL-based in situ DLLME was described by Baghdadi and 
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our group in 2009 [28, 29]. In this method, a hydrophilic IL is dissolved in an aqueous 
sample solution. An anion exchange reagent, such as lithium 
bis[(trifluoromethyl)sulfonyl)]imide (LiNTf2), is added to the solution resulting in the 
formation of fine droplets of the hydrophobic IL phase that can easily be separated from 
the aqueous solution. A significant advantage of IL-based in situ DLLME as a 
preconcentration method is the ability to customize the structure of ILs to achieve high 
extraction efficiency and selectivity [30]. A number of analytes have been previously 
studied by this approach, including emerging contaminants, medicinal products, and 
biological molecules [19, 30-36].         
In this study, IL-based in situ DLLME was adopted for the selective extraction of 
microcystins. Three structurally different ILs, 1-butyl-3-methylimidazolium chloride 
([BMIM][Cl]), 1-(6-hydroxyhexyl)-3-methylimidazolium chloride ([HeOHMIM][Cl]) 
and 1-benzyl-3-(2-hydroxyethyl)imidazolium bromide ([BeEOHIM][Br]), were 
synthesized and applied for the preconcentration of two selected microcystin variants, 
namely MC-RR and MC-LR. Extraction parameters including sample solution pH, ratio 
of IL to metathesis reagent, sample volume, IL quantity, and salt concentration were 
optimized in this study. The sedimented IL phase was subjected to HPLC for further 
analysis. A comparison of UV and MS detection was performed by evaluating the 
sensitivity, linearity of calibration curve, and limits of detection (LODs) of the 
established method. The accuracy of the analytical method was also investigated by 
recovery studies in real water samples, including tap water and river water.   
 
5.2 Experimental 
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5.2.1 Reagents  
The reagents 1-methylimidazole, 1-benzylimidazole, 1-chlorobutane, 2-
bromoethanol, 6-chloro-1-hexanol, and formic acid were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Sodium chloride, isopropanol, methanol, and acetonitrile were 
purchased from Fisher Scientific (Fair Lawn, NJ, USA). LiNTf2 was purchased from 
SynQuest Labs, Inc. (Alachua, FL, USA). The two microcystin variants, namely MC-RR 
and MC-LR, and a microcystin analog, nodularin (NOD), were purchased from Enzo Life 
Sciences (Farmingdale, NY, USA). The structures of MC-RR, MC-LR and NOD are 
shown in Figure 1.   
Stock solutions of MC-RR and MC-LR were individually prepared for in situ 
DLLME coupled to HPLC-UV. The stock solution of MC-RR was prepared by 
dissolving 250 µg of MC-RR in 250 µL of 80% methanolic aqueous solution. The stock 
solution of MC-LR was prepared by dissolving 1000 µg of MC-LR in 1000 µL of 
methanol. The working solutions at concentrations of 10 µg mL-1 and 100 µg mL-1 were 
obtained by serial dilution of the stock solutions with methanol. All of the stock solutions 
and working solutions were stored at -20 ºC.  The aqueous samples were prepared by 
spiking an aliquot of the microcystin working solution into deionized water (18.2 MΩ 
cm) produced by a Milli-Q filtration water system (Bedford, MA, USA). Similarly, after 
salt optimization, the aqueous samples were prepared by spiking an aliquot of the 
microcystin working solution into the 30% NaCl (w/v) aqueous solution.  
  Preparation of sample solutions for in situ DLLME coupled to HPLC-MS was 
followed using the aforementioned procedures. The microcystin working solutions at 
concentrations of 0.1 µg mL-1, 1 µg mL-1 and 10 µg mL-1 were diluted serially from the  
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           (A) 
 
          (B) 
 
           (C) 
 
 
Figure 1. Structures of microcystin variants (A) MC-LR, (B) MC-RR, and (C) nodularin 
examined in this study 
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stock solutions with methanol. Additionally, NOD, a cyclic pentapeptide hepatotoxin 
produced by the planktonic cyanobacteria Nodularia spumigena, was used as an internal 
standard for all HPLC-MS experiments. The stock solution of NOD was prepared by 
dissolving 100 µg of NOD in 100 µL of 50% methanolic aqueous solution. The working 
solution of NOD with a concentration of 1 µg mL-1 was prepared by diluting the NOD 
stock solution with methanol. The aqueous sample solution was consistently spiked with 
NOD at a concentration of 0.1 µg L-1. 
5.2.2 Synthesis of ILs 
Chemical structures of the three applied ILs are shown in Figure 2. The 
[BMIM][Cl] IL was synthesized according to a previous study [29]. Synthesis of the 
[HeOHMIM][Cl] IL was performed by mixing 60.9 mmol of 1-methylimidazole and 73.1 
mmol of 6-chloro-1-hexanol in 10 mL isopropanol and heating at 60 ºC for 3 days. After 
the removal of solvent under reduced pressure, the crude product was dissolved in 8 mL 
of water. The aqueous solution was then washed with ethyl acetate and chloroform, 
respectively, in order to remove unreacted starting materials (6  4 mL). Finally, the 
product was dried under vacuum at 70 ºC for 24 h. Synthesis of the [BeEOHIM][Br] IL 
was carried out by mixing 25.3 mmol of 1-benzylimidazole and 30.4 mmol of 2-
bromoethanol in 10 mL isopropanol and heating at 60 ºC for 3 days. The 
[BeEOHIM][Br] IL was purified by following the same procedure as the 
[HeOHMIM][Cl] IL, but with a recrystallization step being adopted to yield the final 
product. A 2 g amount of dried [BeEOHIM][Br] IL, a viscous yellow liquid, was 
dissolved in 1 mL of isopropanol and stored in a scintillation vial at 4 ºC for 2 days. 
Following this storage process, clear crystals were formed on the bottom of the vial. The 
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crystal layer was washed with 2 mL of cold isopropanol and dried overnight under 
vacuum at 70 ºC. The final product appeared as a viscous liquid with a faint yellow color. 
All final products were subsequently characterized by proton nuclear magnetic resonance 
spectroscopy (1H NMR) and electrospray ionization MS (ESI-MS). Spectral data for the 
characterization of [HeOHMIM][Cl] and [BeEOHIM][Br] are provided in the 
supplemental information.  
 
                                               
                      
 
                              [BMIM][Cl]                                                                            [HeOHMIM][Cl]    
   
                                     
                                                            
 
                                                              [BeEOHIM][Br] 
                  Figure 2. Chemical structures of ILs employed in this study 
5.2.3 Instrumentation 
 Sample solutions were prepared in 15 mL polypropylene conical tubes purchased 
from Becton Dickinson Labware (Franklin Lakes NJ, USA). Agitation was accomplished 
with a vortex mixer from Barnstead/Thermolyne (Dubuque, IA, USA). Post-extraction 
centrifugation was performed using a model 228 centrifuge from Fisher Scientific at a 
rate of 3400 rpm (1380  g). Characterization of all synthesized ILs was performed on a 
N N
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Varian Unity Inova 600 MHz NMR spectrometer and Bruker Esquire multipole ion trap 
mass spectrometer equipped with an ESI source.     
Optimization of initial extraction parameters (i.e., sample solution pH, ratio of 
applied IL to LiNTf2, sample volume, IL quantity) using the [BMIM][Cl] IL was 
performed on a Shimadzu LC-20A HPLC (Tokyo, Japan) equipped with a Rheodyne 
manual injector, two LC-20AT pumps, and a SPD-20 UV/Vis detector. All other 
chromatographic separations were performed using a Surveyor HPLC system equipped 
with a photodiode array (PDA) detector and a Thermo Finnigan LCQ Deca ion trap ESI-
MS (San Jose, CA, USA). The separation of IL and analytes was performed using a 250 
 4.6 mm Restek Ultra II C18 column with a particle size of 5.0 µm (State College, PA, 
USA). Separation using HPLC-UV was achieved by isocratic elution using a mobile 
phase mixture consisting of 0.1% formic acid in water and 0.1% formic acid in 
acetonitrile (68 : 32, v/v) at a flow rate of 1 mL min-1. The column temperature was 
maintained at 45 ºC with UV detection of both microcystin variants being performed at 
239 nm.  
Isocratic elution at a flow rate of 0.5 mL min-1 was employed for all separations 
using HPLC-MS. The mobile phase mixture consisted of 0.1% formic acid in water and 
0.1% formic acid in acetonitrile (63 : 37, v/v). The column temperature was also 
maintained at 45 ºC. Eluent diversion was applied for the first 24 min using a divert valve 
in order to prevent IL from entering the MS. The post-column flow was split at a ratio of 
1:1 using a tee splitter in order to reduce the background noise. For the detection of 
analytes and internal standard, the instrument was operated in the positive ionization and 
selected ion monitoring (SIM) modes. The following four ions were selected for 
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monitoring: m/z 520.5 and 1038.5 for MC-RR ([M+2H]2+ and [M+H]+, respectively), 
m/z 995.0 for MC-LR ([M+H]+), and m/z 825.0 for NOD ([M+H]+). The source voltage 
was set at 5.0 kV and the capillary temperature was maintained at 250 ºC. Nitrogen was 
used as both a sheath gas and auxiliary gas and operated at flow rates of 1.2 L/min and 
6.0 L/min, respectively.  
5.2.4 Optimized DLLME procedure  
To execute the extraction procedure, 0.08 mmol of the [BeEOHIM][Br] IL was 
added into an aqueous sample solution containing 30% NaCl (w/v) in a 15 mL conical 
centrifugation tube. The IL was completely dissolved into the aqueous phase by 
vortexing for 30 s. An aqueous solution of LiNTf2 (1.0 g mL-1) was added into the system 
to achieve an IL to LiNTf2 molar ratio of 1 : 1. The sample solution immediately became 
cloudy due to the metathesis reaction and the formation of hydrophobic IL. The tube was 
then vortexed for 30 s and centrifuged for 5 min at 3400 rpm. The hydrophobic IL 
containing preconcentrated analytes was formed on the bottom of the centrifugation tube 
and phase-separated from the upper aqueous phase. A 5 µL aliquot of the IL phase was 
then withdrawn via pipette and diluted in 11 µL of methanol for subsequent HPLC 
analysis.  
5.2.5 Relative recovery of microcystins in real water samples  
 The accuracy of the analytical method was determined by examining the relative 
recovery of the two microcystin variants in real water samples. Tap water was collected 
locally in Toledo, OH (USA) and directly applied for the study. River water was 
collected from the Maumee River in Maumee, OH, USA. Microscopic matter from the 
river water sample was removed by syringe filtration through a Nylon filter unit with a 
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pore size of 0.45 µm (Fisher Scientific, Fair Lawn, NJ, USA). The relative recovery was 
determined by spiking known concentrations of microcystins into a real sample matrix 
followed by comparing the concentrations obtained experimentally to theoretical values. 
The spiked concentrations examined were 1.5 and 20 µg L-1 using HPLC-UV and 0.02 
and 0.2 µg L-1 using HPLC-MS. 
 
5.3 Results and discussion 
5.3.1 Structural design of ILs employed in this study 
Owing to the structural tunability of ILs, different functional groups can be 
incorporated into the chemical structure in an effort to vary the selectivity of IL 
extraction solvents. The [BMIM][Cl] IL has been previously studied as an extraction 
solvent in DLLME [18, 26, 29]. Based on the parent imidazolium cation core structure, 
two other analogs (see Figure 2) were designed to examine the role of IL structure on the 
extraction performance. The [HeOHMIM][Cl] IL was designed with a hydroxyl 
functional group in order to enhance the hydrogen bonding capabilities between this IL 
and the polar moieties within the microcystin molecules (e.g., hydroxyl, amine and 
carbonyl groups). The primary purpose of appending an alkyl chain to the 
[HeOHMIM][Cl] IL is to maintain the hydrophobicity of the sedimented IL 
([HeOHMIM][NTf2]) following the metathesis reaction. The enhanced hydrophobicity of 
this IL may assist in improving the extraction efficiency via dispersion interactions, while 
at the same time decreasing the solubility of the hydrophobic IL. The [BeEOHIM][Br] IL 
was designed with an aromatic moiety to improve π-π interactions between the IL and 
  
111
microcystins. Additionally, the hydroxyl moiety appended to this IL can also enhance the 
hydrogen bonding interactions between the IL and microcystins.  
5.3.2 Optimization of extraction parameters using the [BMIM][Cl] IL 
 Several extraction parameters for in situ DLLME including sample solution pH, 
molar ratio of IL to LiNTf2, sample volume, and IL quantity were initially optimized 
using the [BMIM][Cl] IL. The effect of each extraction parameter on the extraction 
efficiency was evaluated based on the peak areas of analytes obtained by injecting a 
portion of the sedimented IL phase. The conditions which generated the best enrichment 
effect were adopted for subsequent experiments.  
5.3.2.1 Effect of sample solution pH on extraction efficiency of microcystins 
The effect of sample solution pH on the extraction efficiency of MC-RR and MC-
LR was examined. The sample solution was adjusted to pH 1 and 2 using hydrochloric 
acid (37%, v/v). The addition of 0.1% formic acid to the sample solution afforded a pH of 
2.7. As shown in Figure 3, extractions performed at pH 2 provided the highest extraction 
efficiency, which may be due to charge neutralization of the microcystins under this pH 
condition [37, 38]. There are two carboxyl groups and one amine group that are not a part 
of the peptide bonds in MC-LR. The pKa of these three ionizable groups have been 
reported to be 2.09, 2.19, and 12.48 in the free amino acids, which are similar in the 
cyclic peptide structure of MC-LR [37, 38]. Therefore, the dominant ionization form of 
these groups in MC-LR can vary under different pH conditions. When the pH is between 
2.09 and 2.19, the dominant form of MC-LR is represented as [COO-][COOH][NH2+] 
[37, 38]. Therefore, the net charge of MC-LR is approximately zero at pH 2, which 
produces the best extraction efficiency. Analogously, the MC-RR variant exhibited a 
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similar extraction profile when the sample solution pH was changed. Thus, pH 2 was 
selected as the optimal pH for the extraction of microcystins.  
 Figure 3. Effect of sample solution pH on extraction efficiency of microcystins using the 
[BMIM][Cl] IL. The dominant ionization forms at different pH correspond to the MC-LR 
variant [37, 38]. Concentration of analytes: 100 µg L-1; Sample volume: 3 mL; IL 
quantity: 0.3 mmol; IL : LiNTf2 = 1 : 1; Injection volume of IL: 10 µL. MC-RR ( ), 
MC-LR ( ).            
 
5.3.2.2 Effect of molar ratio of IL to LiNTf2 on extraction efficiency of microcystins 
Two different molar ratios of IL to LiNTf2 (i.e., 1 : 1 and 1 : 2) were examined to 
explore the effect of excess LiNTf2 on the extraction efficiency of microcystins. As 
shown in Figure 4, a 1 : 1  molar ratio of [BMIM][Cl] : LiNTf2 provided better extraction 
efficiency compared to a 1 : 2 molar ratio for the extraction of MC-LR. A possible reason 
for this observation could be that the addition of LiNTf2 increases the ionic strength of 
the sample solution, resulting in an increased volume of the sedimented IL phase [29]. 
The ionic strength of the sample matrix may also affect the partitioning of analytes into 
the extraction phase. Moreover, the increased viscosity of the sample solution may 
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decrease the diffusion rate of analytes into the IL phase [29]. The extraction efficiency of 
MC-RR did not appear to be affected when the molar quantity of LiNTf2 increased to two 
times higher than the IL. This may be due to the different selectivity of the IL towards the 
two variants during the extraction. Due to the better overall extraction performance 
obtained using the 1 : 1 (IL : LiNTf2) molar ratio, this ratio was employed in all 
subsequent studies.   
                  
Figure 4. Effect of molar ratio of [BMIM][Cl] IL and LiNTf2 on extraction efficiency of 
microcystins. Concentration of analytes: 100 µg L-1; Sample volume: 3 mL; IL quantity: 
0.15 mmol; Sample solution pH: 2; Injection volume of IL: 10 µL. MC-RR ( ), MC-LR (
).          
 
5.3.2.3 Effect of sample volume and IL quantity on extraction efficiency of microcystins 
Using the [BMIM][NTf2] IL as the extraction phase, the sample solution volume 
was varied from 3 mL to 12 mL to explore its effect on the extraction efficiency of 
microcystins. As shown in Figure 5, this IL provided better preconcentration of MC-LR 
when the sample volume was increased. Similarly, the extraction efficiency of MC-RR 
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increased when the sample solution volume was increased from 3 mL to 9 mL. 
However, the extraction efficiency of this variant decreased when the sample volume 
was further increased to 12 mL. It is important to note that the sedimented IL phase 
generated during the ensuing metathesis reaction was observed to decrease when 
increasing the sample solution volume, presumably due to solubility. When an initial 
amount of 0.3 mmol [BMIM][Cl] IL was used, the sedimented IL phase decreased from 
approximately 65 µL to 18 µL when the sample volume was increased from 3 mL to 12 
mL.  
 
         
Figure 5. Effect of sample solution volume on extraction efficiency of microcystins 
using the [BMIM][Cl] IL. Concentration of analytes: 100 µg L-1; Sample solution pH: 2; 
IL quantity: 0.3 mmol; IL : LiNTf2 = 1 : 1; Injection volume of IL: 10 µL. MC-RR ( ), 
MC-LR ( ). 
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The quantity of [BMIM][Cl] IL used in in situ DLLME was also varied in order 
to examine the effect of extraction solvent mass on the extraction efficiency of the 
microcystin variants. As shown in Figure 6, the extraction efficiency of microcystins 
increased when the IL quantity was decreased from 0.3 mmol to 0.075 mmol. This may 
be attributed to the higher enrichment factor of microcystins in a smaller volume of 
sedimented IL. In the case where a 3 mL of sample volume was applied, the volume of 
sedimented IL decreased from 65 µL to 5 µL when the IL quantity was decreased from 
0.3 mmol to 0.075 mmol. In other words, the concentration of microcystins enriched in 5 
µL of the sedimented IL phase was higher than in 65 µL.     
          
Figure 6. Effect of IL quantity on extraction efficiency of microcystins using the 
[BMIM][Cl] IL. Concentration of analytes: 100 µg L-1; Sample volume: 3 mL; Sample 
solution pH: 2; IL : LiNTf2 = 1 : 1; Injection volume of IL: 5 µL (IL: 0.075 mmol); 
Injection volume of IL: 10 µL (IL: 0.15 mmol and 0.3 mmol). MC-RR ( ), MC-LR ( ).  
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5.3.3 Investigation of IL structures and their relation to microcystin extraction efficiency 
The extraction efficiency of microcystins using different ILs was compared under 
optimal extraction conditions (i.e., pH, molar ratio of IL to LiNTf2, and IL quantity). As 
shown in Figure 7, higher extraction efficiencies for both microcystin variants were 
obtained using the [HeOHIM][Cl] IL compared to the [BMIM][Cl] IL. The 
[BeEOHIM][Br] IL provided superior extraction efficiency compared to the other two 
structurally tuned ILs. Furthermore, a relatively smaller molar quantity of the 
[BeEOHIM][Br] IL was needed to obtain better extraction efficiency compared to the 
[HeOHIM][Cl] IL, as shown in Figure D3. In order to generate at least 5 µL of 
sedimented IL phase for further analysis, an aliquot of 0.17 mmol for the [HeOHIM][Cl] 
IL and 0.09 mmol for the [BeEOHIM][Br] IL was initially applied. Therefore, 
[BeEOHIM][Br] was selected as the optimal IL for all subsequent studies.   
 
Figure 7. Extraction efficiency comparison using different IL solvents by in situ 
DLLME. Applied ILs with their optimal quantities: 0.075 mmol [BMIM][Cl], 0.17 mmol 
[HeOHIM][Cl], 0.09 mmol [BeEOHIM][Br]. Concentration of analytes: 100 µg L-1; 
Sample volume: 3 mL; Sample solution pH: 2; IL : LiNTf2 = 1 : 1;  Injection volume of 
IL: 5 µL. MC-RR ( ), MC-LR ( ). 
0
200000
400000
600000
800000
1000000
1200000
1400000
[BMIM][Cl] [HeOHIM][Cl] [BeEOHIM][Br]
Pe
ak
 ar
ea
  
117
5.3.4 Effect of salt concentration on extraction efficiency of microcystins 
The addition of salt can reduce the solubility of both analytes and the IL in the 
aqueous sample solution. In order to explore the effect of salt on the preconcentration of 
microcystins, extractions containing 0% and 30% NaCl (w/v) in a 15 mL sample solution 
were performed using the [BeEOHIM][Br] IL. As shown in Figure 8, the extraction 
efficiency of MC-RR was higher when using 30% NaCl in the sample solution. 
Furthermore, the optimal IL quantity was 4.6 fold lower with the addition of 30% NaCl 
in the sample solution due to the salting out effect, as shown in Figure D4. This can 
significantly minimize the overall IL consumption without decreasing the extraction 
efficiency of microcystins. Therefore, 30% NaCl was applied in the sample solution for 
all subsequent experiments.     
                 
Figure 8. Effect of NaCl concentration on extraction efficiency of microcystins using the 
[BeEOHIM][Br] IL. Concentration of analytes: 25 µg L-1; Sample volume: 15 mL; IL: 
0.37 mmol (0% NaCl), 0.08 mmol (30% NaCl); Sample solution pH: 2; IL : LiNTf2 = 1 : 
1; Injection volume of IL: 5 µL. MC-RR ( ), MC-LR ( ). 
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5.3.5 Analytical performance  
5.3.5.1 HPLC-UV method 
The analytical performance of the established extraction method was evaluated by 
determining the calibration curve linearity, linear range, precision, and LOD using 
deionized water as the sample matrix. As shown in Table 1, good correlation coefficients 
(R = 0.997 and R = 0.995) were obtained from both calibration curves for MC-RR and 
MC-LR, respectively. The precision (%RSD) determined at concentrations of 2.5 and 25 
µg L-1 for both microcystin variants ranged from 4.4% to 10.5%. The LOD was 
determined by decreasing the microcystin concentration until a S/N of approximately 3 
was obtained. The LODs for MC-RR and MC-LR were 0.7 µg L-1, which was lower than 
the recommended health-based concentration of MC-LR in water [7].  
A relative recovery study for both microcystin variants using UV detection was 
performed in real water samples, namely, tap water and river water. Blank extractions in 
both water samples showed no detectable signals for MC-RR and MC-LR. As shown in 
Table 2, the recoveries for MC-RR and MC-LR were 67.6% and 72.9%, respectively, 
when spiked at a concentration of 1.5 µg L-1 in tap water. When spiked at the same 
concentration in river water, recoveries of 64.4% and 67.2% were obtained for MC-RR 
and MC-LR, respectively. Upon increasing the spiked concentration to 20 µg L-1, the 
recoveries for MC-RR and MC-LR were 104.2% and 107.9% using tap water and 93.7% 
and 96.8% using river water, respectively. The accuracy of the method was diminished 
when the spiked concentration (1.5 µg L-1) approached the LOD. However, better 
recoveries (93.7-107.9%) were obtained when the microcystin variants were spiked at   
20 µg L-1.  
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5.3.5.2 HPLC-MS method 
 Calibration curves using MS detection were plotted as the peak area ratio of 
microcystin variant to the internal standard with respect to concentrations ranging from 
0.005-2 µg L-1 (n=7). As shown in Table 1, the linear range of the calibration curve 
spanned from the low part-per-billion level to the low part-per-trillion level, representing 
a significant improvement compared to UV detection. Good linearity (R = 0.994 and R = 
0.996) was obtained for MC-RR and MC-LR, respectively. The LODs for MC-RR and 
MC-LR using MS detection were 0.005 and 0.003 µg L-1, respectively, which was two 
orders of magnitude lower than UV detection. Analogous to UV detection, the 
established method exhibited better sensitivity for MC-LR compared to MC-RR. The 
relative recoveries of both microcystin variants in tap water and river water were also 
investigated using MS detection. As shown in Table 2, at a spiked concentration of 0.02 
µg L-1, the recoveries for MC-RR and MC-LR were 45.0 % and 46.3%, respectively, 
using tap water and 46.3% and 83.9% using river water.  At a spiked concentration of 0.2 
µg L-1, the recoveries for MC-RR and MC-LR were 91.8% and 109.7% using tap water 
and 99.6% and 103.2% using river water. Overall, the established analytical method 
provided good accuracy in the analysis of microcystins from real water samples at the 
part-per-trillion level.   
 Representative chromatograms comparing IL-based in situ DLLME with respect 
to direct injection of the microcystin standard solution are shown in Figure 9. Injecting 5 
µL of the sedimented IL phase (Figure 9A) following preconcentration of microcystins 
from a sample solution (0.008 µg L-1) resulted in a higher response compared to direct 
injection of 5 µL microcystin standard solution at 1 µg L-1 (Figure 9B). This 
  
120
demonstrates that the sensitivity of the method was significantly enhanced using IL-based 
in situ DLLME. Furthermore, utilization of a divert valve successfully prevented IL from 
entering the MS source. Therefore, in situ DLLME coupled with HPLC-MS is a highly 
applicable preconcentration strategy that permits low level analysis of important 
microcystin variants.  
  
A.                                                                       B.                                                                            
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 9. Representative chromatograms using MS detection. A. Optimized in situ 
DLLME procedure was performed for a sample solution with MC-RR, NOD, MC-LR at 
concentrations of 0.008 µg L-1, 0.100 µg L-1, 0.008 µg L-1. Injection volume of IL phase: 
5 µL.* B. A mixture standard solution with MC-RR, NOD, MC-LR at a concentration of 
1.0 µg L-1 was directly injected into HPLC-MS. Injection volume of standard solution: 5 
µL. * The retention time of the analytes was slightly shifted due to the presence of IL. 
 
5.4 Conclusions  
Three structurally tuned imidazolium-based ILs were utilized as extraction 
solvents for the preconcentration of two microcystin variants, MC-RR and MC-LR, using 
in situ DLLME. The [BeEOHIM][Br] IL, consisting of both an aromatic moiety and a 
hydroxyl group, exhibited the highest extraction efficiency compared to the other ILs. 
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Overall, the extraction procedure was simple, fast, and consumed small volumes of IL, 
representing a significant advantage over SPE methods that typically utilize larger 
volumes of extraction solvent. The analytical method provided detection limits down to 
the part-per-billion level for microcystins using IL-based in situ DLLME coupled to 
HPLC-UV. Mass spectrometry was applied as an orthogonal detection method and 
provided a two orders of magnitude improvement in sensitivity. Furthermore, good 
recoveries were obtained using two different water samples, namely tap water and river 
water, demonstrating the applicability of this analytical method in complex matrices. Due 
to the applicability of this analytical method in the analysis of MC-RR and MC-LR, other 
microcystin variants will be investigated in future studies. Finally, the analysis of 
microcystins in matrices with higher complexity (i.e., sediments or whole cells) will be 
explored using functionalized ILs. 
 
Acknowledgements 
The authors acknowledge funding from the Chemical Measurement and Imaging 
Program at the National Science Foundation (Grant number CHE-1413199). The authors 
would also like to thank the Office of Research and Sponsored Programs and the College 
of Natural Sciences and Mathematics at the University of Toledo for focused funding on 
the analysis of microcystins.    
 
References  
[1] A.A. de la Cruz, M.G. Antoniou, A. Hiskia, M. Pelaez, W. Song, K.E. O’shea, X. He, 
D.D. Dionysiou, Anti-cancer Agents Med. Chem. 11 (2011) 19  
[2] L.A. Lawton, C. Edwards, G.A. Codd, Analyst 119 (1994) 1525  
  
122
[3] W.W. Carmichael, J. Appl. Bacteriol. 72 (1992) 445  
[4] E. Beltrán, M. Ibáñez, J.V. Sancho, F. Hernández, J. Chromatogr. A 1266 (2012) 61 
[5] C.W. Diehnelt, S.M. Peterman, W.L. Budde, TrAC, Trends Anal. Chem. 24 (2005) 
622 
[6] K.L. Rinehart, M. Namikoshi, B.W. Choi, J. Appl. Phycol. 6 (1994) 159 
[7] World Health Organization, Guidelines for Drinking-Water Quality. Second edition, 
Addendum to Volume 2, Health Criteria and Other Supporting Information, Geneva, 
1998.  
[8] P. Babica, J. Kohoutek, L. Bláha, O. Adamovský, B. Maršálek, Anal. Bioanal. Chem. 
385 (2006) 1545    
[9] E.C. Aguete, A. Gago-Martínez, J.M. Leão, J.A. Rodríguez-Vázquez, C. Menàrd, J.F. 
Lawrence, Talanta 59 (2003) 697  
[10] C. Rivasseau, M. C. Hennion, Anal. Chim. Acta 399 (1999) 75  
[11] T. Tsutsumi, S. Nagata, A. Hasegawa, Y. Ueno, Food Chem. Toxicol. 38 (2000) 593  
[12] J. Rapala, K. Erkomaa, J. Kukkonen, K. Sivonen, K. Lahti, Anal. Chim. Acta. 466 
(2002) 213  
[13] A.H. Heussner, S. Altaner, L. Kamp, F. Rubio, D.R. Dietrich, Chem. Biol. Interact. 
223 (2014) 87  
[14] A.K.-Y. Lam, P.M. Fedorak, E.E. Prepas, Environ. Sci. Technol. 29 (1995) 242  
[15] C. Robillot, J. Vinh, S. Puiseux-dao, M.-C. Hennion, Environ. Sci. Technol. 34 
(2000) 3372    
[16] A. Zeck, M.G. Weller, R. Niessner, Anal. Chem. 73 (2001) 5509   
[17] M. Rezaee, Y. Assadi, M.-R. M. Hosseini, E. Aghaee, F. Ahmadi, S. Berijani, J. 
Chromatogr. A 1116 (2006) 1  
[18] C. Yao, T. Li, P. Twu, W.R. Pitner, J.L. Anderson, J. Chromatogr. A 1218 (2011) 
1556  
[19] T. Li, M.D. Joshi, D.R. Ronning, J.L. Anderson, J. Chromatogr. A 1272 (2013) 8  
[20] C. Cortada, L.C. dos Reis, L. Vidal, J. Llorca, A. Canals, Talanta 120 (2014) 191 
[21] J. López-Darias, M. Germán-Hernández, V. Pino, A.M. Afonso, Talanta 80 (2010) 
1611   
  
123
[22] Y. Liu, E. Zhao, W. Zhu, H. Gao, Z. Zhou, J. Chromatogr. A 1216 (2009) 885  
[23] P. Berton, R.G. Wuilloud, Anal. Chim. Acta 662 (2010) 155 
[24] M. Baghdadi, F. Shemirani, Anal. Chim. Acta 613 (2008) 56 
[25] H. Bai, Q. Zhou, G. Xie, J. Xiao, Anal. Chim. Acta 651 (2009) 64 
[26] H. Zhang, X. Chem, X. Jiang, Anal. Chim. Acta 689 (2011) 137 
[27] Q. Zhou, H. Bai, G. Xie, J. Xiao, J. Chromatogr. A 1188 (2008) 148 
[28] M. Baghdadi, F. Shemirani, Anal. Chim. Act 64 (2009) 186 
[29] C. Yao, J.L. Anderson, Anal. Bioanal. Chem. 395 (2009) 1491 
[30] M.J. Trujillo-Rodríguez, P. Rocío-Bautista, V. Pino, A.M. Afonso, TrAC, Trends 
Anal. Chem. 51 (2013) 87 
[31] C. Cortada, L. Vidal, A. Canals, J. Chromatogr. A 1218 (2011) 17 
[32] Y. Zhang, H.K. Lee, Anal. Chim. Acta 750 (2012) 120 
[33] D. Ge, H.K. Lee, J. Chromatogr. A 1317 (2013) 217  
[34] W. Bi, M. Tian, K.H. Row, Talanta 85 (2011) 701 
[35] S. Wang, L. Ren, Y. Xu, F. Liu, Microchim. Acta 173 (2011) 453 
[36] X. Xu, R. Su, X. Zhao, Z. Liu, Y. Zhang, D. Li, X. Li, H. Zhang, Z. Wang, Anal. 
Chim. Acta 707 (2011) 92 
[37] K.-F. Poon, M.H.-W. Lam, P.K.S. Lam, B.S.F. Wong, Environ. Toxicol. Chem. 20 
(2001) 1648 
[38] P.G.-J. de Maagd, A.J. Hendriks, W. Seinen, D.T.H.M. Sijm, Wat. Res. 33 (1999) 
677 
 
 
 
 
 
 
 
 
 
  
124
CHAPTER 6 
 
 
MAGNETIC IONIC LIQUIDS AS SOLVENTS FOR DISPERSIVE LIQUID-
LIQUID MICROEXTRACTION DIRECTLY COUPLED TO HIGH-
PERFORMANCE LIQUID CHROMATOGRAPHY 
 
Honglian Yu, Josias Merib, Jared L. Anderson 
 
Abstract 
Three hydrophobic magnetic ionic liquids (MILs) containing the 
tetrachloromanganate(II) (MnCl42-) anion, namely, aliquat tetrachloromanganate(II) 
([Aliquat+]2[MnCl42-]), methyltrioctylammonium [MnCl42-] ([N1,8,8,8+]2[MnCl42-]), and 
trihexyltetradecylphosphonium [MnCl42-] ([P6,6,6,14+]2[MnCl42-]) were employed as 
extraction solvents in DLLME coupled to high performance liquid chromatography 
(HPLC) employing UV detection. These MILs were developed with the features of 
magnetic susceptibility to permit rapid retrieval of the extraction solvent, hydrophobicity 
to allow for phase separation from water, and mobile phase compatibility with reverse 
phase HPLC. Additionally, the MILs were customized to minimize hydrolysis of the 
anionic component in aqueous media as well as reduce absorbance when subjected to 
HPLC. The three MILs were applied for the extraction of pharmaceutical drugs, 
phenolics, insecticides, and polycyclic aromatic hydrocarbons. The disperser solvent 
type, disperser solvent volume, mass of MIL, extraction time, the pH of the sample 
solution, and salt concentration were studied in order to achieve optimal extraction 
efficiency for each MIL. The [P6,6,6,14+]2[MnCl42-] MIL exhibited the best extraction 
efficiencies for most of the target analytes compared to the other MILs. Good linearity 
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was obtained using this MIL with correlation coefficients (R) varying from 0.997 to 
0.999. The limits of detection (LODs) of all analytes ranged from 0.25 to 1.00 µg L-1. 
The relative recovery was studied in lake water and river water. The relative recovery 
varied from 53.8 to 114.7% at a spiked concentration of 20 µg L-1 (5 µg L-1 for 
phenanthrene) and 52.1 to 106.7% at 150 µg L-1 (37.5 µg L-1 for phenanthrene) in lake 
water. The relative recovery varied from 44.6 to 110.7% at a spiked concentration of 20 
µg L-1 (5 µg L-1 for phenanthrene) and 42.9 to 83.6% at 150 µg L-1 (37.5 µg L-1 for 
phenanthrene) in river water. 
 
6.1 Introduction  
Recently, much interest has been focused on developing fast and cost-effective 
sample preparation methods. Dispersive liquid-liquid microextraction (DLLME), a 
popular sample preparation technique using microliter-volumes of an extraction phase, 
was first introduced by Rezaee and co-workers in 2006 [1]. In DLLME, a mixture of a 
water-immiscible extraction solvent and a water-miscible disperser solvent is added to 
the aqueous sample to permit dispersion of the extraction solvent into fine droplets. As a 
result, the surface area of the extraction solvent can be increased providing improved 
extraction efficiency of the analytes. Agitation [2] or ultrasonication [3] can be performed 
to enhance the interaction between extraction solvent and analytes. Centrifugation [4] or 
decreasing the system temperature [5, 6] are commonly used for achieving phase 
separation between the extraction solvent and the aqueous sample. The low consumption 
of extraction solvent, good enrichment factors, and simple extraction procedure enable 
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DLLME to be widely applied for the analysis of various analytes within different samples 
[7-10]. 
 Investigations into alternative extraction solvents are important to further advance 
and improve DLLME. Traditional chlorinated extraction solvents, such as carbon 
tetrachloride, chloroform, and chlorobenzene, are toxic to the environment and may 
possess low selectivity towards specific analytes. Ionic liquids (ILs) were first applied as 
alternative extraction solvents for DLLME in 2008 to address the limitation of traditional 
organic solvents [5]. ILs are a class of molten organic salts with melting points lower 
than 100 ºC. Their chemical structures can be easily tailored to enhance the selectivity 
towards various analytes of interest. Furthermore, ILs possess a wide range of viscosities 
and miscibilities with water and other organic solvents, making them highly amenable as 
extraction solvents in DLLME. 
 Magnetic ionic liquids (MILs) are a subclass of ILs that contain either magnetic 
cations (e.g., ferrocenium) or magnetic anions (e.g., FeCl4-, CoCl42-, GdCl63-). The 
magnetic susceptibility of MILs is obtained by incorporating high-spin transition metals 
or imparting radical moieties within either the IL cation or anion [11]. MILs have 
recently been introduced as an innovative class of extraction solvents in liquid-liquid 
extraction [12-17]. MIL-based extraction solvents not only possess the unique properties 
inherent to conventional ILs but also respond to an external magnetic field. Two studies 
employing hydrophilic imidazolium-based MILs for the analysis of triazine herbicides in 
oilseeds and vegetable oils have recently been reported [14, 15]. Both studies required 
hexane to be applied as a diluent for the sample. Additionally, carbonyl iron powder was 
needed for homogenization with the MIL to increase the magnetic susceptibility of the 
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extraction phase and reduce the phase separation time. These methods also required a 
second liquid-liquid extraction step using deionized water and ethyl acetate to back-
extract the analytes from the MIL phase for analysis.   
For aqueous samples, it is necessary to use hydrophobic MILs as extraction 
solvents to achieve proper phase separation. Hydrophobic phosphonium/ammonium 
MILs comprised of long aliphatic alkyl chains and the FeCl4- anion have been applied to 
analyze various compounds in aqueous samples [13, 16]. The hydrophobic 
trihexyltetradecylphosphonium tetrachloroferrate(III) ([P6,6,6,14+][FeCl4-]) MIL was used 
for the extraction of phenols [13], while the methyltrioctylammonium 
tetrachloroferrate(III) ([N1,8,8,8+][FeCl4-]) MIL was applied for the extraction of phenolic 
endocrine disrupters and acidic pharmaceuticals [16]. Although these hydrophobic MILs 
enable the extraction of target analytes in aqueous samples, the FeCl4- anion is highly 
susceptible towards hydrolysis in aqueous media [18-20]. This has the potential to lower 
enrichment factors and may alter the selectivity of the MILs towards target analytes. 
Therefore, it is necessary to explore alternative magnetic anions which are less 
susceptible to hydrolysis for the continual development of suitable MIL-based extraction 
solvents. In addition to their instability in aqueous samples, MILs containing the FeCl4- 
anion exhibit strong UV absorbance which severely limits their compatibility in HPLC 
when coupled to UV detection.   
 To address the aforementioned limitations originating from MILs containing the 
FeCl4- anion, three tetrachloromanganate(II) (MnCl42-)-based MILs, namely, 
[Aliquat+]2[MnCl42-], [N1,8,8,8+]2[MnCl42-], and [P6,6,6,14+]2[MnCl42-], are applied in this 
study as alternative extraction solvents in DLLME. These MILs were used in the 
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extraction of pharmaceutical drugs, phenolics, insecticides, and polycyclic aromatic 
hydrocarbons followed by chromatographic separation by HPLC. Extraction parameters 
including disperser solvent type, disperser solvent volume, mass of MIL, extraction time, 
pH, and salt concentration were optimized as either a single variable or using design of 
experiment (DOE). The [P6,6,6,14+]2[MnCl42-] MIL exhibited the best extraction efficiency 
compared to the other two MILs and was selected for further analysis. The analytical 
performance including linear range of the calibration curve, limits of detection (LODs), 
and precision was investigated using the [P6,6,6,14+]2[MnCl42-] MIL. Additionally, a 
recovery study was performed in lake water and river water samples to validate the 
analytical method.  
 
6.2 Experimental 
6.2.1 Reagents and materials  
The reagent trihexyltetradecylphosphonium chloride ([P6,6,6,14+][Cl-]) (97.7%) was 
purchased from Strem Chemicals (Newburyport, MA, USA). Aliquat® 336 (average 
molecule weight: 442.00) and 2-nitrophenol (99%) were purchased from Acros Organics 
(Pittsburgh, PA, USA). Manganese (II) chloride tetrahydrate (MnCl2·4H2O) (98.0 %) was 
purchased from Alfa Aesar (Ward Hill, MA, USA). Dichloromethane (99.9%), glacial 
acetic acid (99.9%), hydrochloric acid (12 N), sodium hydroxide (≥97.0%), and sodium 
chloride (NaCl) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). 
Acetaminophen (99.0%), sulfamethoxypyridazine (99.6%), phenacetin (≥98%), 
hexaflumuron (99.1%), chlorfenapyr (98.8%), flufenoxuron (98.1%), chlorfluazuron 
(98.9%), and τ-fluvalinate (99%) were purchased from Sigma Aldrich (St. Louis, MO, 
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USA). Acetonitrile, acetone, and methanol were also purchased from Sigma Aldrich with 
purities equal to or higher than 99.9%. Phenanthrene (99.9%), fluoranthene (98.2%), and 
pyrene (96.6%) were purchased from Supelco (Bellefonte, PA, USA). Ultrapure water 
(18.2 MΩ cm) was obtained from a Milli-Q water purification system (Bedford, MA, 
USA). A neodymium magnetic rod (B = 0.66 T) was purchased from K&J Magnetics 
(Pipersville, PA, USA). All DOE data was analyzed using the Statsoft Statistica 8.0 
program.   
 Chemical structures of the 13 analytes are shown in Table 1. An individual stock 
solution for each analyte was prepared at a concentration of 5000 mg L-1 in different 
organic solvents. The stock solution of phenacetin was prepared in methanol. The stock 
solutions of hexaflumuron, flufenoxuron, and chlorfluazuron were prepared in acetone, 
while all other stock solutions were prepared in acetonitrile. Intermediate stock solutions 
containing all the analytes were prepared in acetonitrile at three concentrations including 
200 mg L-1, 20 mg L-1, and 2 mg L-1, with the exception of phenanthrene (50 mg L-1, 5 
mg L-1, and 0.5 mg L-1, respectively). Aqueous standard samples were prepared by 
spiking an aliquot of the analyte stock solution into ultrapure water containing NaCl 
(30%, w/v).   
6.2.2 Instrumentation  
A Shimadzu LC-20A HPLC (Tokyo, Japan) was used for the separation and 
analysis of all extracted components. The HPLC was equipped with a Rheodyne manual 
injector, two LC-20AT pumps, a DGU-20A3 degasser, and a SPD-20 UV/Vis detector. 
Separation was performed using a Restek C18 column (5.0 µm, 4.6 mm  250 mm, State 
College, PA, USA). The gradient method initially applied 60% of mobile phase A (0.1%  
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Table 1. Chemical structures and properties of the studied analytes  
 
Name Structure Classification 
 
Log P b   Log D b 
                 (pH = 2) 
   
pKa  
 
Acetaminophen  
 
Pain-
relieving/ 
fever-
reducing drug 
    0.48      0.39 9.86 b 
Sulfamethoxypy
-ridazine 
 
Antibacterial 
drug     0.32     - 0.42 7.19 b 
Phenacetin 
 
  
Pain-
relieving/ 
fever-
reducing drug 
    1.65      1.55  5.2 [21]  
2-Nitrophenol 
 
Phenolics; 
Organic 
pollutant 
    1.67       1.67   7.14 b 
Ketoprofen 
  
NSAIDa     2.91      2.91  4.23 b  
Hexaflumuron 
 
 
Benzoylurea 
insecticide 5.67      5.67  8.54 b 
Phenanthrene   
PAH c  4.55      4.55   -  
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Table 1. Continued 
 
Chlorfenapyr 
 
  
Insecticide 4.88        4.88   -   
Flufenoxuron 
  
Benzoylurea 
insecticide 4.81      4.81   10.1 [22]   
 Fluoranthene 
 
 
 PAH c 5.00      5.00    -     
Chlorfluazuron 
  
Benzoylurea 
insecticide 5.43       5.43   8.10 [22]
   
Pyrene 
 
PAH c   5.00    5.00 - 
-Fluvalinate 
 
Pyrethroid 
insecticide 5.93      5.93   - 
a NSAID: Nonsteroidal anti-inflammatory drug 
b Obtained from Scifinder and calculated using Advanced Chemistry Development (ACD/Labs) Software 
V11.02 
c PAH: Polycyclic aromatic hydrocarbon  
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acetic acid in water, v/v) and 40% of mobile phase B (0.05% acetic acid in acetonitrile, 
v/v). The percentage of mobile phase B was linearly increased from 40% to 70% over 15 
min and from 70% to 85% over an additional 15 min. The mobile phase composition was 
then held at 85% for 10 min. The total flow rate of mobile phase was kept constant at 1 
mL min-1. All analytes were detected at 254 nm. 
6.2.3 Synthesis and characterization of magnetic ionic liquids  
The synthesis of all MILs was carried out according to previously published 
studies [23, 24]. For the synthesis of [P6,6,6,14+]2[MnCl42-], MnCl2·4H2O (0.5 equiv.) was 
added to a solution of [P6,6,6,14+][Cl-] (1 equiv.) in dichloromethane. The reaction was 
performed for 24 h at room temperature under constant agitation. Afterwards, the 
dichloromethane solvent was removed by rotary evaporation. The obtained product was 
dried at 50 ºC overnight. The synthesis of [Aliquat+]2[MnCl42-] and [N1,8,8,8+]2[MnCl42-] 
was performed using the same method. 
 As shown in Figure E1-12 (Appendix E), the synthesized MILs were 
characterized by Raman and UV/Vis spectroscopy. The Raman spectra were recorded 
using a Renishaw Raman Spectrometer equipped with an Ar-ion laser operated at 488 nm 
and a charge coupled device (CCD) detector. The sample exposure time under laser was 
20 seconds per scan. Each spectrum was collected using 10 scans. The UV/Vis spectra 
were collected in acetonitrile using an Agilent 8453 UV/Vis Spectrophotometer.  
6.2.4 Optimization of the extraction conditions for DLLME 
The DLLME extraction parameters were initially optimized for the 
[Aliquat+]2[MnCl42-] MIL. The disperser solvent type was first optimized as a single 
variable using acetonitrile, methanol, and acetone. Subsequently, other parameters 
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including the MIL mass, extraction time, disperser solvent volume, and pH were 
prioritized using a two-level full factorial design. The MIL mass was studied from 5 mg 
to 30 mg, while the extraction time was studied from 5 s to 120 s. The pH of the sample 
solution was studied from 2 to 8. The disperser solvent volume was studied from 5 to 20 
µL. A Doehlert design was applied to further optimize the mass of the MIL extraction 
solvent as well as the extraction time. Following the aforementioned optimization studies, 
the salting-out effect was examined by varying the NaCl concentration from 0 to 30% 
(w/v) in the aqueous sample solution. Optimization studies for the [N1,8,8,8+]2[MnCl42-] 
and [P6,6,6,14+]2[MnCl42-] MILs included varying the disperser solvent type, MIL mass, 
and extraction time.  
6.2.5 Sample preparation, method validation, and recovery  
A schematic showing the general DLLME procedure used in this study is 
described in Figure 1. A 30 mg amount of the [P6,6,6,14+]2[MnCl42-] MIL was 
homogenized with 5 µL of acetonitrile. The MIL/acetonitrile mixture was then pipetted 
into a 5 mL sample solution containing NaCl (30%, w/v). The sample vial was manually 
shaken for 120 s. The hydrophobic MIL phase was retrieved using a neodymium 
magnetic rod (B = 0.66 T) and redissolved in 20 µL of acetonitrile. Subsequently, 20 µL 
of the analyte-enriched MIL solution was directly subjected to HPLC analysis. 
The analytical performance of the established method (e.g., precision, LODs, 
linear range) was evaluated in ultrapure water. The LOD was determined by reducing the 
analyte concentration until a 3:1 signal to noise ratio was achieved. The relative recovery 
was studied in lake water and river water, which were collected locally (Ames, IA, USA). 
The lake and river water were filtered through a 0.45 µm nylon membrane to remove 
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Figure 1. Schematic diagram demonstrating the implementation of MILs as extraction solvents in DLLME coupled to HPLC     
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microscopic particles prior to extraction. The relative recovery was calculated by 
comparing the experimental peak area to the theoretical peak area.            
 
6.3 Results and discussion  
6.3.1 Advantages of MILs comprised of the MnCl42- anion as extraction solvents in 
DLLME  
There are several important considerations when applying MILs as extraction 
solvents in liquid-liquid extraction coupled to HPLC employing UV detection. The MILs 
should be immiscible with the sample solution to enable recovery of the extraction phase 
and minimize matrix effects from the sample. Secondly, the MIL needs to be compatible 
with the mobile phase and separation mode when directly injected to HPLC. Specifically, 
the MIL should be completely soluble in the mobile phase to prevent contamination of 
the HPLC system. Lastly, the MILs should exhibit low absorbance in the UV wavelength 
region used in analyte detection to reduce the background and permit the sensitive 
analysis of the analytes.   
Recently, hydrophobic MILs containing the FeCl4- anion have been applied as 
extraction solvents in DLLME due to their relatively high magnetic susceptibility and 
low production costs [12-17]. However, the FeCl4- anion has been observed to undergo 
hydrolysis when exposed to aqueous solutions, even at ambient temperature [18, 20]. 
Furthermore, MILs containing the FeCl4- anion usually absorb strongly in the UV 
wavelength region. These two properties severely hinder their application in both sample 
preparation and chromatographic analysis.  
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Hydrophobic MILs containing the MnCl42- anion were developed to address the 
aforementioned limitations. While these MILs possess comparable magnetic 
susceptibility ([P6,6,6,14+][FeCl4-]: 4.29 emu K mol-1; [P6,6,6,14+]2[MnCl42-]: 4.23 emu K 
mol-1) [23] and similar production costs, they are less prone to undergo hydrolysis in the 
aqueous sample compared to MILs containing the FeCl4- anion [25]. As shown in Figure 
E13 (Appendix E), the pH of an aqueous solution was nearly unchanged in the presence 
of MILs containing the MnCl42- anion, while the pH was significantly reduced for the 
aqueous solution subjected to a MIL containing the FeCl4- anion. With respect to their 
UV absorbance characteristics, as shown in Figure E14 (Appendix E), the MnCl42--based 
MILs exhibited considerably less absorption in the UV region compared to the 
[P6,6,6,14+][FeCl4-] MIL. Based on these characteristics, MILs containing the MnCl42- 
anion are better alternatives compared to MILs with the FeCl4- anion for the extraction of 
analytes from aqueous samples and their subsequent analysis using UV detection.    
6.3.2 Characterization of synthesized MILs containing the MnCl42- anion 
Three MILs comprised of the MnCl42- anion, including [Aliquat+]2[MnCl42-], 
[N1,8,8,8+]2[MnCl42-], and [P6,6,6,14+]2[MnCl42-], were prepared in this study and applied as 
extraction solvents for DLLME. All MILs were characterized using both Raman and 
UV/Vis spectroscopy. The results are in agreement with the reported values [26-28]. As 
shown in Figure E1-6 (Appendix E), the Raman spectra of the MnCl42- MILs exhibited a 
characteristic absorption band at 250 cm-1, which is unique to this anion compared to the 
chloride anion [26-28]. In terms of characterization by UV/Vis, shown in Figure E6-12 
(Appendix E), two sets of absorption bands were observed in the 335-500 nm region 
corresponding to the tetrahedral-coordinated MnCl42- anion [26]. 
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6.3.3 Optimization of DLLME parameters  
6.3.3.1 Optimization of DLLME parameters for the [Aliquat+]2[MnCl42-] MIL 
 The disperser solvent type was initially optimized for the [Aliquat+]2[MnCl42-] 
MIL as a single variable. In this optimization, acetonitrile, methanol, and acetone were 
selected as the DLLME disperser solvents. As shown in Figure 2, the three polar solvents 
showed comparable extraction efficiencies for all studied analytes, with acetonitrile 
showing slightly lower extraction efficiencies compared to the other solvents. Methanol 
was selected as the disperser solvent for the [Aliquat+]2[MnCl42-] MIL.   
  
 
 
Figure 2. Optimization of disperser solvent using the [Aliquat+]2[MnCl42-] MIL. (  ) 
Acetonitrile, (  ) Methanol, (  ) Acetone. Concentration of phenanthrene: 125 µg L-1, 
concentration of all other analytes: 500 µg L-1; MIL mass: 25 mg; Extraction time: 30 s; 
Dispersive solvent volume: 5 µL; NaCl concentration in the aqueous sample: 0% (w/v). 
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Extraction parameters such as mass of MIL, extraction time, disperser solvent 
volume, and pH are variables that can all influence the extraction efficiency. These 
parameters were prioritized using a two-level full factorial design. As shown in Figure 3, 
both the extraction time and mass of the MIL played an important role in the obtained 
extraction efficiencies (p > 0.05). The positive impact values indicate that longer 
extraction times and larger amounts of the MIL phase improve the extraction efficiency. 
The disperser solvent volume and solution pH did not significantly influence the 
extraction efficiency. Therefore, a disperser solvent volume of 5 µL was chosen and the 
pH of the sample solution was unadjusted for all subsequent experiments. The extraction  
 
Figure 3. Pareto chart obtained using the [Aliquat+]2[MnCl42-] MIL for prioritizing the 
following four extraction parameters: MIL mass, extraction time, disperser solvent 
volume, and pH of the sample solution 
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time and mass of the MIL phase were further optimized using the Doehlert design, as 
shown in Figure 4. The MIL mass was optimized from 20 mg to 40 mg and the extraction 
time was optimized from 60 s to 180 s. Based on the resulting surface response plot, the 
optimal mass of the MIL phase was found to be 30 mg and the optimal extraction time 
was 120 s. 
 The concentration of NaCl in the aqueous sample was optimized from 0 to 30% 
(w/v) as a single variable. As shown in Figure E15 (Appendix E), the extraction 
efficiencies for most analytes significantly increased with the addition of salt due to the 
salting-out effect. Employing a 30% (w/v) NaCl concentration in the aqueous sample 
provided the best extraction efficiency. Therefore, 30% (w/v) was chosen as the optimal 
salt concentration for all subsequent extractions. 
 
Figure 4. Surface response obtained from the Doehlert design using the 
[Aliquat+]2[MnCl42-] MIL for the optimization of MIL mass and extraction time  
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6.3.3.2 Optimization of DLLME parameters for the [N1,8,8,8+]2[MnCl42-] and 
[P6,6,6,14+]2[MnCl42-] MILs 
Based on the optimization results obtained using the [Aliquat+]2[MnCl42-] MIL,   
5 µL of disperser solvent and an aqueous NaCl concentration of  30% (w/v) were also 
applied for  extractions using the [N1,8,8,8+]2[MnCl42-] and [P6,6,6,14+]2[MnCl42-] MILs. The 
disperser solvent type, MIL mass, and extraction time were optimized for the 
[N1,8,8,8+]2[MnCl42-] and [P6,6,6,14+]2[MnCl42-] MILs using the same method as the 
[Aliquat+]2[MnCl42-] MIL. As shown in Figure E16 (Appendix E), methanol provided the 
best extraction efficiency compared to acetonitrile and acetone in the case of the 
[N1,8,8,8+]2[MnCl42-] MIL. Additionally, as shown in Figure E17, 40 mg of MIL extraction 
solvent and an extraction time of 180 s provided the best extraction efficiencies for most 
analytes using the [N1,8,8,8+]2[MnCl42-] MIL. With regard to the [P6,6,6,14+]2[MnCl42-] MIL, 
acetonitrile proved to be the optimal disperser solvent while 30 mg of the extraction 
solvent and an extraction time of 120 s provided the best overall extraction efficiencies 
(Figures E18 and E19). 
6.3.4 Comparison of extraction efficiencies using different MILs  
            Extraction efficiencies toward the target analytes were compared under the 
optimal extraction conditions for each MIL. As shown in Figure 5, the  
[N1,8,8,8+]2[MnCl42-] MIL exhibited good selectivity towards acetaminophen, 
sulfamethoxypyridazine, and 2-nitrophenol,  compared to the [Aliquat+]2[MnCl42-] and 
[P6,6,6,14+]2[MnCl42-] MILs. However, the [N1,8,8,8+]2[MnCl42-] MIL exhibited lower 
extraction efficiencies for many other analytes. Although the [P6,6,6,14+]2[MnCl42-] MIL  
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Figure 5. Comparison of extraction efficiencies using the three different MILs: (  ) 
[Aliquat+]2[MnCl42-]; (  ) [N1,8,8,8+]2[MnCl42-]; (  ) [P6,6,6,14+]2[MnCl42-]. Mass of MIL 
applied: 25 mg, 40 mg, 30 mg, respectively; Disperser solvent: methanol, acetonitrile, 
methanol, respectively. Concentration of phenanthrene: 125 µg L-1, concentration of 
other analytes: 500 µg L-1. Dispersive solvent volume: 5 µL, NaCl concentration in the 
aqueous sample: 30% (w/v). 
 
exhibited low extraction efficiencies for acetaminophen and sulfamethoxypyridazine, this 
MIL exhibited slightly higher extraction efficiency for most analytes. Overall, the 
selectivity was not significantly altered when varying the cation among these MILs. 
Additionally, a significantly lower background was observed in the chromatograms for 
the [P6,6,6,14+]2[MnCl42-] MIL, as shown in Figure 6 and Figures S20-S24. Interestingly, 
peak splitting was observed for ketoprofen when it was extracted by the 
[N1,8,8,8+]2[MnCl42-] MIL. However, the splitting was not observed when using the other 
two MIL extraction solvents. Based on the aforementioned observations, the  
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Figure 6. Representative chromatogram obtained for the enrichment of all analytes at 0.5 
µg mL-1 using the [P6,6,6,14+]2[MnCl42-] MIL. (1) Acetaminophen; (2) 
Sulfamethoxypyridazine; (3) Phenacetin; (4) 2-Nitrophenol; (5) Ketoprofen; (6) 
Hexaflumuron; (7) Phenanthrene; (8) Chlorfenapyr; (9) Flufenoxuron; (10) Fluoranthene; 
(11) Chlorfluazuron; (12) Pyrene; (13) τ-Fluvalinate (The peaks observed from 34-36 
min are impurities present within the fluoranthene standard.) 
 
[P6,6,6,14+]2[MnCl42-] MIL was selected for a subsequent study to examine the analytical 
performance characteristics of the method.   
6.3.5 Analytical performance, method validation, and recovery from real water samples  
 The analytical performance using the [P6,6,6,14+]2[MnCl42-] MIL was evaluated. As 
shown in Table 2, a five-point calibration curve was plotted for each analyte at different 
linear ranges. Good linearity with correlation coefficients (R) varying from 0.997 to 
0.999 was obtained. The LODs for the target analytes were varied from 0.25 to           
1.00  µg L-1. The precision was studied at two concentrations, namely 20 and 200 µg L-1 
(5 and 50 µg L-1 for phenanthrene). The relative standard deviations (%RSD) ranged 
from 2.8 to 15.4% at 20 µg L-1 and from 6.0 to 18.9% at 200 µg L-1.  
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Table 2. Figures of merit for using the [P6,6,6,14+]2[MnCl42-] MIL as extraction solvent in 
DLLME  
a Precision at LOD; b Precision at 20 µg L-1; c Precision at 200 µg L-1; d Precision at 5 µg L-1; e Precision at 50 µg L-1 
 
 
The relative recovery was studied in two real water samples, namely, lake water 
and river water. No analyte signal was detected in the unadulterated water samples. The 
relative recovery study was performed by spiking analytes at two concentrations, 
including 20 and 150 µg L-1 (5 and 37.5 µg L-1 for phenanthrene). As shown in Table 3, 
the relative recovery varied from 53.8 to 114.7% at 20 µg L-1 and from 52.1 to 106.7% at 
150 µg L-1 in lake water. Acceptable recovery was also obtained in river water. The 
relative recovery varied from 44.6 to 110.7% at 20 µg L-1 and it varied from 42.9 to 
83.6% at a spiked concentration of 150 µg L-1. Relatively low recovery was obtained for 
ketoprofen compared to other analytes, which may be due to the matrix effects stemming 
from the real water samples. As shown in Figure E25 (Appendix E), the pHs of lake 
water and river water were more basic compared to the ultra pure water. This can affect  
Analyte 
Linear 
range 
(µg L-1) 
Slope ± error 
LOD 
(µg L-1) R 
  
%RSD (n = 3) 
  
LOD a  20 µg L-1 b 200 µg L-1 c 
Acetaminophen 5-500 484 ± 10.6 1.00 0.999 19.2 8.3 10.6 
Sulfamethoxy-
pyridazine 5-500 366 ± 4.1 1.00 0.999 18.8 14.4 6.0 
Phenacetin 5-500 849 ± 17.1 1.00 0.999 11.9 11.0 11.2 
2-Nitrophenol  5-500 278 ± 6.8 1.00 0.999 19.6 4.9 10.8 
Ketoprofen  1-200 972 ± 8.3 0.50 0.999 15.4 6.2 18.9 
Hexaflumuron 1-500 1211 ± 42.1 0.50 0.998 6.1 11.3 7.3 
Phenanthrene 1.25-125 10922 ± 399.9 0.25 0.998 14.5 2.8 d 10.6 e 
Chlorfenapyr 5-500 1105 ± 30.6 1.00 0.999 8.8 8.3 13.2 
Flufenoxuron 1-500 1205 ± 40.1 0.30 0.998 9.8 15.4 6.7 
Fluoranthene 1-500 2865 ± 117.8 0.30 0.997 8.1 13.2 6.9 
Chlorfluazuron 1-500 1611 ± 55.9 0.30 0.998 14.6 13.2 6.5 
Pyrene 1-500 2376 ± 93.9 0.30 0.997 7.0 12.0 7.5 
-Fluvalinate 1-500 1589 ± 57.2 0.50 0.997 10.4 13.6 6.9 
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Table 3. Applications to real water samples using the [P6,6,6,14+]2[MnCl42-] MIL as 
extraction solvent in DLLME 
 
 Analyte 
%Recovery ± SD 
Lake water River water 
20 µg L-1 a 150 µg L-1 a 20 µg L-1 a 150 µg L-1 a 
Acetaminophen 109.5 ± 2.6 106.7 ± 15.4 61.4 ± 10.3 82.6 ± 14.0 
Sulfamethoxypyr-
idazine 53.8 ± 8.4 97.4 ± 13.8 44.6 ± 3.0 66.6 ± 2.9 
Phenacetin 93.1 ± 3.3 103.6 ± 10.3 96.1 ± 15.4 70.5 ± 3.6 
2-Nitrophenol 78.2 ± 3.5 73.2 ± 5.7 64.0 ± 5.4 59.4 ± 6.8 
Ketoprofen 57.4 ± 0.7 52.1 ± 4.2 46.2 ± 4.5 42.9 ± 5.0 
Hexaflumuron 82.0 ± 13.8 84.9 ± 13.2 99.6 ± 18.0 77.4 ± 7.7 
Phenanthrene 114.7 ± 4.9 b 81.5 ± 9.6 c 110.7 ± 12.3 b 83.6 ± 9.4 c 
Chlorfenapyr 88.4 ± 12.5 81.8 ± 11.7 95.0 ± 2.7 81.6 ± 11.3 
Flufenoxuron 75.6 ± 6.2 89.9 ± 13.5 98.9 ± 15.1 78.2 ± 8.3 
Fluoranthene 90.9 ± 11.0 77.4 ± 9.9 97.3 ± 17.0 81.2 ± 13.4 
Chlorfluazuron 90.6 ± 12.6 84.1 ± 12.3 103.7 ± 19.2 79.8 ± 9.9 
Pyrene 87.6 ± 12.9 79.3 ± 9.8 94.2 ± 15.7 79.6 ±9.2 
-Fluvalinate 93.0 ± 15.4 83.0 ± 10.2 100.3 ± 16.2 75.6 ± 9.1 
a Spiked concentrations; b The spiked concentration was 5 µg L-1; c The spiked concentration was 37.5 µg 
L-1  
 
the ionization state of ketoprofen, which possesses a pka value of 4.23. Ketoprofen can 
preferentially be dissolved in the relatively higher pH aqueous phase as an ionized 
species, which will reduce the recovery of this analyte. Overall, the results demonstrate 
that the established analytical method using MILs containing the MnCl42- anion as 
extraction phases in DLLME coupled to HPLC is applicable for analyzing compounds in 
complex water samples. 
  
6.4. Conclusions  
Three MILs containing the MnCl42- anion, namely, [Aliquat+]2[MnCl42-], 
[N1,8,8,8+]2[MnCl42-], and [P6,6,6,14+]2[MnCl42-] were prepared and exploited as extraction 
solvents in DLLME coupled to HPLC for the analysis of pharmaceuticals, phenolics, 
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insecticides, and polycyclic aromatic hydrocarbons. The [P6,6,6,14+]2[MnCl42-] MIL not 
only exhibited the best extraction efficiencies for most analytes, but also provided the 
cleanest chromatographic background. The analytical performance using the 
[P6,6,6,14+]2[MnCl42-] MIL was extensively studied. LODs down to low part-per-billion 
concentration level for target analytes were obtained. Also, acceptable recoveries in two 
real water samples were obtained.  
The MnCl42--based MILs were promising extraction solvents due to their 
resistance towards hydrolysis in aqueous samples and low UV absorption. Furthermore, 
the magnetic susceptibilities of these MILs enabled fast separation of the extraction 
solvent from the sample solution using a magnet. Therefore, this method has potential to 
be fully automated to increase throughput and reduce workload during analysis. Future 
studies will focus on understanding the relationship between the structure of MILs and 
their selectivity toward analytes in complex matrices. Furthermore, additional MILs 
possessing unique physicochemical properties that enable them to maintain their 
structural integrity will be explored in these matrices. Lastly, efforts will be focused on 
developing MILs which can be dispersed appropriately without the need for toxic organic 
disperser solvents. 
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CHAPTER 7 
 
GENERAL CONCLUSIONS  
 
 The work summarized in this dissertation describes the exploration of novel 
extraction phases in two microextraction techniques (e.g., SPME and DLLME). 
Structurally different ILs/PILs were engineered to be selective, robust, and versatile 
extraction phases in several analytical applications. The analytical methods employing 
these contemporary extraction phases were demonstrated to be high-throughput, cost-
effective, and sensitive.            
 Chapter 2 describes a high-throughput method, using “on-fiber” UV initiated 
copolymerization, to fabricate crosslinked PILs for applications in SPME coupled to GC-
MS. The crosslinked PILs exhibit significantly higher thermal stability and robustness 
compared to linear PILs prepared by using AIBN initiated polymerization. These PIL 
sorbent coatings can be applied for direct immersion SPME in complex matrices with 
excellent analytical performance and high fiber lifetime.   
 Chapter 3 expands the applicability of PIL sorbent coatings by coupling PIL-
based SPME to HPLC. A number of structurally diverse crosslinked PIL sorbent coatings 
immobilized on super elastic nitinol supports exhibited high stability in acidic/basic 
solutions and different polar organic solvents. The developed fibers were applied for the 
analysis of pharmaceutical drugs, phenolics, and insecticides in aqueous samples. The 
LODs for all analytes were obtained down to sub part-per-billion levels. These HPLC-
compatible fibers can be applied for the analysis of both ionic and nonionic compounds 
in complex environmental and biological matrices.  
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 Chapter 4 presents a combined direct immersion and headspace extraction 
approach in a single SPME procedure using crosslinked PIL sorbent coatings for the 
analysis of PAHs, organochlorine pesticides, and phthalate esters. Using this technique, 
volatile, semi-volatile, and non-volatile analytes can be simultaneously extracted and 
quantified in a single experiment. This enables the high throughput of determination of 
analytes with varied physicochemical properties (i.e., volatility, polarity).   
 As described in Chapter 5, a highly sensitive method was developed for the 
analysis of microcystins in aqueous samples using three structurally unique hydrophilic 
ILs via in situ DLLME coupled to LC-MS. The detection of microcystins was achieved 
down to sub part-per-trillion level. Additionally, appending an aromatic and a hydroxyl 
moiety to the IL can increase the extraction efficiency, as a result of enhanced π-π and 
hydrogen bonding interaction between the extraction solvent and microcystins. 
 Chapter 6 describes the application of three hydrophobic MILs comprising of the 
MnCl42- anion as extraction solvents for IL-DLLME coupled to HPLC in the analysis of 
pharmaceuticals, phenolics, insecticides and PAHs. Compared to MILs containing the 
FeCl4- anion, the aforementioned MILs exhibit lower UV absorption and are less 
susceptible to undergo hydrolysis in aqueous samples. Due to these unique 
characteristics, MILs containing the MnCl42- anion are more compatible for HPLC with 
UV detection.  
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APPENDIX A 
SUPPLEMENTAL INFORMATION ACCOMPANYING  
CHAPTER 2 
 
                                                  
N N
Cl-  Monocationic Ionic Liquid Monomer ([VHIM][Cl]) 
1-vinyl-3-hexylimidazolium chloride  
N N NN
Br- Br-  Dicationic Ionic Liquid Crosslinker ([(VIM)2C8] 2[Br]) 
1,8-di (3-vinylimidazolium) octane dibromide 
 
N N
NN
Br-Br-  Dicationic Ionic Liquid Crosslinker ([(VIM)2C12] 2[Br]) 
1,12-di (3-vinylimidazolium) dodecane dibromide 
 
Figure A1. Structures of the monocationic IL monomer and dicationic IL crosslinkers 
examined in this study. 
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Figure A2. 1H NMR of [VHIM][Cl]  
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Figure A3. ESI-MS (Positive Ion Mode) for [VHIM][Cl]. The 1-vinyl-3-hexyl 
imidazolium chloride ([VHIM][Cl]) monomer was synthesized by reacting, 0.05 mol of 
1-vinylimidazole with 0.075 mol of 1-chlorohexane in 15 mL of isopropanol at 70 °C for 
72 h. The reaction yielded [VHIM][Cl], which was purified by dissolving in 30 mL of 
water and extracted six times with 10 mL aliquots of ethyl acetate. The water layer 
containing the IL monomer was recovered and dried under vacuum at 70 °C for 2 days. 
1H-NMR (600 MHz, CDCl3) 11.568 (s, 1H), 7.578 (s, 1H), 7.523 (m, 1H), 7.358 (s, 1H), 
5.932 (s, 1H), 5.389 (s, 1H), 4.395 (t, 2H), 1.915 (m, 2H), 1.298 (m, 6H), 0.859 (t, 3H). 
(ESI-MS) m/z [VHIM +] = 178 am 
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   Figure A4. 1H NMR of [(VIM)2C8] 2[Br]  
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 Figure A5. ESI-MS (Positive Mode) for [(VIM)2C8] 2[Br]. The [(VIM)2C8] 2[Br] IL 
crosslinker was synthesized by reacting 2 molar equivalents of 1-vinylimidazole with 1 
molar equivalence of 1,8-dibromooctane in 5 mL of isopropanol at 50 °C for 36 hr in a 
dark environment. The dicationic product was then purified by water and ethyl acetate, 
and was dried under vacuum at 50 °C for 2 days. 1H-NMR (600MHz, d6-DMSO) 9.653 
(s, 2H), 8.249 (s, 2H), 7.974 (s, 2H), 7.330 (m, 2H), 6.004 (d, 2H), 5.429 (d, 2H), 4.205 
(t, 4H), 1.818 (m, 4H), 1.281 (m, 8H).  (ESI-MS) m/z [C8(VIM)2 2+] = 150 amu, m/z 
[C8(VIM)2 Br +] = 379 amu. 
 
 
12 11 10 9 8 7 6 5 4 3 2 1 0 -1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 
Figure A6. 1H NMR of [(VIM)2C12] 2[Br] 
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 Figure A7. ESI-MS for [(VIM)2C12] 2[Br]. The [(VIM)2C12]2[Br] IL cross-linker was 
synthesized analogous to its octyl counterpart, however, the reagents were refluxed in 15 
mL of isopropanol. 1H-NMR (600 MHz, d6-DMSO) 9.608 (s, 2H), 8.238 (s, 2H), 7.968 
(s, 2H), 7.301 (m, 2H), 5.978 (d, 2H), 5.417 (d, 2H), 4.196 (t, 4H), 1.802 (m, 4H), 1.262 
(m, 16H).  (ESI-MS) m/z [C12(VIM)2 2+]  = 178 amu, m/z [C12(VIM)2 Br +] = 435 amu. 
 
 
 Figure A8. TGA curves comparing PIL copolymers containing various amounts of the 
[(VIM)2C12] 2[Br] dicationic IL crosslinker with respect to the [VHIM][Cl] IL monomer 
prepared by UV-initiated polymerization. 
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Samples were prepared for thermal gravimetric analysis (TGA) by mixing 
appropriate amounts of the [VHIM][Cl] IL monomer,  dicationic IL crosslinker, and 
DAROCUR 1173 initiator in a petri dish. The coating mixture was then applied as a thin 
film to the bottom of a 20 mL scintillation vial and polymerized at 254 nm for 2 hr. The 
polymer film was then recovered from the bottom of the vial and placed in a clean 20 mL 
scintillation vial and dried under vacuum for 24 hours at 40 °C.  TGA experiments were 
performed using a SDT 2960 Simultaneous DTA-TGA by employing a temperature 
program that was ramped by 3°C/min to 300°C followed by 10°C/min to 500°C. For 
comparison purposes, TGA curves of the neat monocationic [VHIM][Cl] IL monomer, 
neat dicationic [(VIM)2C12] 2[Br] IL crosslinker, and linear polymers of [VHIM][Cl] 
prepared by UV and AIBN polymerization are included. (       ) [VHIM][Cl] IL monomer, 
(      ) UV-initiated poly([VHIM][Cl]), (      ) AIBN-initiated poly([VHIM][Cl]),               
(       ) 15 % (w/w)  copolymer, (      )  30 % (w/w) copolymer, (      ) 50 % (w/w) 
copolymer, (       )  [(VIM)2C12] 2[Br] IL crosslinker. 
 
 
 Figure A9. Optimization of Salt Content in Headspace SPME mode using Fiber 12. 
Sorption-Salt concentration profiles obtained for Fiber 12.  Analyte concentrations were 
optimized prior to extraction.   ( ) Ethyl Valerate, ( ) 2-methyl-1-butanol, ( ) Ethyl 
Hexanoate, (x) Cyclohexanol,    ( ) Furfural, ( ) Benzaldehyde, (+) 1-Octanol, (  ) 
Furfuryl Propionate,    ( ) Furfuryl Pentanoate, ( ) α-Ethyl Benzenemethanol.
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 Figure A10. Headspace Sorption-Time Profile for Fiber 6. Headspace sorption-time 
profiles obtained for Fiber 6.  Analyte concentrations were optimized prior to extraction.   
( ) Ethyl Valerate, ( ) 2-methyl-1-butanol, ( ) Ethyl Hexanoate, (x) Cyclohexanol,    ( ) 
Furfural, ( ) Benzaldehyde, (+) 1-Octanol, (  ) Furfuryl Propionate, ( ) Furfuryl 
Pentanoate, ( ) α-Ethyl Benzenemethanol. 
 
 
 
 Figure A11. Headspace Sorption-Time Profile for Fiber 12. Headspace sorption-time 
profiles obtained for Fiber 12.  Concentrations of individual analytes were optimized 
prior to extraction. () Ethyl Valerate,( ) 2-methyl-1-Butanol, ( ) Ethyl Hexanoate, (x) 
Cyclohexanol, ( ) Furfural, ( ) Benzaldehyde, (+) 1-Octanol, (-) Furfuryl Propionate, (
) Furfuryl Pentanoate, (  ) α-Ethyl Benzenemethanol. 
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Figure A12. Direct Immersion Sorption-Time Profile for Fiber 12. Sorption-Time profile 
for direct immersion extraction using Fiber 12.  Analyte concentrations were fixed at 75 
µg/L ( ) 1-Octanol, ( ) Furfuryl pentanoate, ( ) Naphthalene, (x) α-Ethyl 
Benzenemethanol, ( ) Phenol. 
 
 
         
 
Figure A13. Scanning electron micrographs of representative sorbent coatings employed 
in headspace and direct immersion SPME. (A) Fiber 10; after 80 headspace extractions. 
(B) Fiber 10; after 70 direct immersion extractions in deionized water. 
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Table A1. Concentration levels and ion fragments chosen for the analytes examined by headspace and direct immersion SPME 
GC/MS 
 
Headspace Analysis Direct Immersion Analysis 
Analyte Structure Chosen m/z Concentration (µg L-1) Analyte Structure 
Chosen 
m/z 
Concentratio
n (µg L-1) 
Ethyl valerate  57, 85, 101 100   1-Octanol  57, 85, 101 75 
2-Methyl-1-
butanol  57, 70 250 
Furfuryl 
pentanoate  
81, 98, 182 75 
 
Ethyl hexanoate  60, 88, 99 100 
  
Naphthalene 
 102, 128 75 
Cyclohexanol  57, 67, 82 250  α-Ethyl benzenemethanol 
 
 
79, 107, 
136 75 
Furfural  67, 95, 96 500   Phenol 55, 66, 94 75 
Benzaldehyde  51, 77, 106 250     
1-Octanol  56, 70, 84 100     
Furfuryl 
propionate  81, 98, 154 250     
Furfuryl 
pentanoate  81, 98, 182  10     
α-Ethyl 
benzenemethano
l 
79, 107, 136 250     
 
O
O
OH
OH
O
O
O
OH
O
O
OH
OH
O
O
O
O
O
O
OH
OH
O
H
O
O
H
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Table A2. Figures of merit of selected fibers using headspace SPME GC/MS at room temperature. a SD: Error of the slope for n = 7.     
b Determined by performing repeated experiments at 50 µg L-1 (n =3) using an extraction time of 45 min.   
 
 
 
 
 
 
 
 
       Fiber AIB            Fiber UV     
Ethyl valerate 1-500 66247 ± 1056 0.5 0.999 13.3 0.5-500 56429 ± 1039 0.1 0.999 8.1 
2-Methyl-1- 5-500 9309 ± 246 2.5 0.998 8.0 5-500 2266 ± 66 2.5 0.998 4.6 
Ethyl hexanoate 0.1-500 279496 ± 5014 0.01 0.999 8.4 0.1-500 155331 ± 1446 0.01 0.998 12.0 
Cyclohexanol 5-500 13439 ± 173 2.5 0.999 2.1 0.5-500 3404 ± 59 0. 1 0.999 3.2 
Furfural 1-500 2861 ± 45 0.5 0.999 9.5 0.5-500 1490 ± 18 0.1 0.999 9.2 
Benzaldehyde 5-500 9907 ± 143 2.5 0.999 2.9 0.5-500 4748 ± 117 0.1 0.998 3.4 
1-Octanol 0.1-500 1103825 ±  30485 0.01 0.997 11.6 0.1-500 336759 ± 3520 0.01 0.999 6.1 
Furfuryl 2.5-500 80418 ± 912 1 0.999 7.1 2.5-500 32638 ± 639 1 0.999 8.8 
Furfuryl 0.1-500 1000378 ± 13483 0.01 0.999 3.8 0.1-500 487962 ± 1702 0.01 0.999 9.6 
α-Ethyl 
benzenemethan 0.1-500 208530 ± 1441 0.01 0.999 11.5 0.1-500 84381 ± 311 0.01 0.999 1.1 
Analyte Linear Range (µg L-1) Slope ± SDa 
LOD  
(µg L-1) R % RSDb  
Linear 
Range 
(µg L-1) 
Slope ± SD      LOD  (µg L-1) R % RSD 
                         158 
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Table A3. Recovery of all analytes using headspace SPME GC/MS for selected sorbent coatings (n = 3). A 5 µg L-1 analyte 
concentration was used for all studies.   
 
 Deionized Water Deionized Water   Well Water    River Water 
Analyte Fiber 6 Fiber 12 Fiber 12 Fiber 12 
Ethyl valerate 110.8 ± 5.8 109.3 ± 7.8 82.4 ± 10.6 98.2 ± 4.9 
2-Methyl-1-butanol 90.9 ± 12.2 119.0 ± 12.1 92.4 ± 8.6 107.1 ± 4.3 
Ethyl hexanoate 119.1 ± 12.6 101.8 ± 3.3 66.8 ± 5.2 94.0 ± 7.2 
Cyclohexanol 81.8 ± 10.3 107.4 ± 10.8 77.4 ± 9.4 74.1 ± 3.2 
Furfural 78.1 ± 6.4 87.8 ± 3.5 104.4 ± 14.8 164.7 ± 8.0 
Benzaldehyde 82.3 ± 13.5 91.8 ± 1.4 66.3 ± 10.7 104.7 ± 4.7 
1-Octanol 101.8 ± 9.1 108.4 ± 2.9 98.0 ± 14.5 112.7 ± 4.6 
Furfuryl propionate 93.9 ± 14.5 96.1 ± 2.1 96.4 ± 5.0 124.8 ± 5.2 
Furfuryl pentanoate 117.6 ± 6.8 101.6 ± 2.7 91.8 ± 9.7 110.2 ± 4.8 
α-Ethyl benzenemethanol 118.6 ± 8.5 105.7 ± 8.1 109.6 ± 4.2 126.6 ± 3.0 
 
 
 
 
 
 
 
                   159 
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Figure B1. A scanning electron micrograph of a representative sorbent coating, Fiber 3A, 
used in the study after 36 extraction and desorption cycles 
 
 
 
 Figure B2. 1H-NMR for the [VBC16IM][Cl] monomer. 1H NMR (500 MHz, DMSO-d6) δ 
9.37 (s, 1H), 7.82 (p, J = 2.0 Hz, 2H), 7.62 – 7.45 (m, 2H), 7.40 (d, J = 8.1 Hz, 2H), 6.74 
(dd, J = 17.7, 11.0 Hz, 1H), 5.87 (dd, J = 17.7, 1.0 Hz, 1H), 5.41 (s, 2H), 5.30 (dd, J = 
10.9, 1.0 Hz, 1H), 4.16 (t, J = 7.2 Hz, 2H), 1.78 (q, J = 7.9 Hz, 2H), 1.22 (d, J = 4.0 Hz, 
26H), 0.89 – 0.78 (m, 3H). 
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 Figure B3. 1H-NMR for the [VBC16IM][NTf2] monomer. 1H NMR (500 MHz, DMSO-
d6) δ 9.26 (s, 1H), 7.80 (d, J = 1.6 Hz, 2H), 7.61 – 7.45 (m, 2H), 7.38 (d, J = 8.1 Hz, 2H), 
6.74 (dd, J = 17.6, 10.9 Hz, 1H), 5.87 (dd, J = 17.7, 1.0 Hz, 1H), 5.39 (s, 2H), 5.30 (d, J = 
11.0 Hz, 1H), 4.15 (t, J = 7.2 Hz, 2H), 1.84 – 1.68 (m, 2H), 1.22 (d, J = 4.2 Hz, 26H), 
0.95 – 0.74 (m, 3H). 
 
 Figure B4. 1H-NMR for the [VC2OHIM][Br] monomer. 1H NMR (500 MHz, DMSO-d6) 
δ 9.48 (s, 1H), 8.21 (s, 1H), 7.89 (s, 1H), 7.34 (dd, J = 15.6, 8.7 Hz, 1H), 5.98 (dd, J = 
15.7, 2.4 Hz, 1H), 5.43 (dd, J = 8.7, 2.4 Hz, 1H), 4.25 (t, J = 5.0 Hz, 2H), 3.75 (t, J = 5.0 
Hz, 2H). 
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 Figure B5. 1H-NMR for the [VC10OHIM][Cl] IL monomer. 1H NMR (500 MHz, DMSO-
d6) δ 9.52 (s, 1H), 8.20 (s, 1H), 7.93 (s, 1H), 7.29 (dd, J = 15.6, 8.8 Hz, 1H), 5.95 (dd, J = 
15.7, 2.4 Hz, 1H), 5.42 (dd, J = 8.7, 2.4 Hz, 1H), 4.36 (s, 1H), 4.18 (t, J = 7.3 Hz, 2H), 
1.89 – 1.71 (m, 2H), 1.46 – 1.34 (m, 2H), 1.26 (d, J = 12.9 Hz, 14H). 
 
 Figure B6. 1H-NMR for the [VC10OHIM][NTf2] IL monomer. 1H NMR (500 MHz, 
DMSO-d6) δ 9.50 (s, 1H), 8.19 (s, 1H), 7.93 (s, 1H), 7.28 (dd, J = 15.6, 8.7 Hz, 1H), 5.95 
(dd, J = 15.7, 2.4 Hz, 1H), 5.42 (dd, J = 8.7, 2.4 Hz, 1H), 4.36 (t, J = 5.1 Hz, 1H), 4.18 (t, 
J = 7.3 Hz, 2H), 1.81 (t, J = 7.4 Hz, 2H), 1.39 (s, 2H), 1.33 – 0.89 (m, 14H). 
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 Figure B7. 1H-NMR for the [VC9COOHIM][Br] IL monomer. 1H NMR (500 MHz, 
DMSO-d6) δ 9.50 (s, 1H), 8.20 (s, 1H), 7.93 (s, 1H), 7.29 (dd, J = 15.6, 8.7 Hz, 1H), 5.95 
(dd, J = 15.6, 2.4 Hz, 1H), 5.42 (dd, J = 8.6, 2.3 Hz, 1H), 4.19 (t, J = 7.3 Hz, 2H), 2.18 (t, 
J = 7.3 Hz, 2H), 1.82 (p, J = 7.3 Hz, 2H), 1.48 (p, J = 7.0 Hz, 2H), 1.26 (d, J = 14.0 Hz, 
10H). 
 
 Figure B8. 1H-NMR for the [(VBIM)2C12] 2[Cl] IL crosslinker. 1H NMR (500 MHz, 
DMSO-d6) δ 9.42 (d, J = 14.7 Hz, 2H), 7.95 – 7.77 (m, 4H), 7.60 – 7.45 (m, 4H), 7.40 
(dt, J = 7.6, 3.6 Hz, 4H), 6.74 (ddd, J = 17.8, 10.9, 3.4 Hz, 2H), 5.87 (d, J = 17.6 Hz, 2H), 
5.43 (d, J = 5.8 Hz, 4H), 5.31 (dd, J = 10.9, 8.5 Hz, 2H), 4.17 (td, J = 7.8, 7.3, 3.1 Hz, 
4H), 1.78 (s, 4H), 1.21 (s, 16H).        
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 Figure B9. 1H-NMR for the [(VBIM)2C12] 2[NTf2] IL crosslinker. 1H NMR (500 MHz, 
DMSO-d6) δ 9.28 (dt, J = 11.0, 1.7 Hz, 2H), 7.90 – 7.74 (m, 4H), 7.58 – 7.45 (m, 4H), 
7.45 – 7.25 (m, 4H), 6.74 (ddd, J = 17.7, 11.0, 2.4 Hz, 2H), 5.87 (ddd, J = 17.7, 2.6, 1.0 
Hz, 2H), 5.41 (d, J = 6.1 Hz, 4H), 5.31 (ddd, J = 10.8, 9.6, 1.0 Hz, 2H), 4.16 (td, J = 7.0, 
3.0 Hz, 4H), 1.78 (s, 4H), 1.23 (d, J = 11.3 Hz, 16H). 
 
 
A. 
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B. 
  
 
C. 
   
 
Figure B10. Triangular surface responses obtained from the mixture design for 
optimizing the desorption solvent type using PIL Fiber 1. (A) response of pharmaceutical 
drugs; (B) response of phenolics; (C) response of insecticides.  
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 Figure B11. Surface response obtained from the Doehlert design using PIL Fiber 1 for 
simultaneous optimization of the sample solution pH and extraction time.  
 
 
A. 
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B. 
  
 
 
 
C. 
  
 
Figure B12. Triangular surface responses obtained from the mixture design for 
optimization of the desorption solvent using the PDMS/DVB fiber: (A) response of 
pharmaceutical drugs; (B) response of phenolics; (C) response of insecticides.  
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Table B1. Precision for all analytes at 30 and 60 min extraction times. (A) Fiber 1; (B) 
PDMS/DVB fiber.  
 
A.                                                                      B. 
    %RSD (n = 3)     %RSD (n = 3) 
    30 min 60 min     30 min 60 min 
Phenacetin  14.4 7.0 Phenacetin  1.0 9.7 
2,4-Dinitrophenol   15.5 10.2 2,4-Dinitrophenol   1.8 10.3 
2-Nitrophenol   7.2 1.6 2-Nitrophenol   1.1 8.4 
Ketoprofen  14.4 9.7 Ketoprofen  0.8 11.4 
17 α-Ethynylestradiol   14.0 11.4 17 α-Ethynylestradiol   2.9 4.9 
Fenoprofen  14.3 15.4 Fenoprofen  3.1 9.6 
2,4,6-Trichlorophenol   15.5 14.0 2,4,6-Trichlorophenol   2.7 4.0 
Diclofenac sodium    14.7 8.3 Diclofenac sodium    3.5 8.9 
Ibuprofen  12.0 14.5 Ibuprofen  2.2 6.0 
Hexaflumuron  17.6 8.6 Hexaflumuron  1.5 4.4 
Phoxim  9.6 12.3 Phoxim  4.8 2.3 
Chlorfenapyr  16.5 7.7 Chlorfenapyr  3.3 2.6 
Flufenoxuron  18.9 10.9 Flufenoxuron  5.8 7.8 
Hexythiazox  13.9 7.0 Hexythiazox  11.5 4.4 
Chlorfluazuron  18.5 8.1 Chlorfluazuron  13.5 14.6 
Deltamethrin  18.2 11.0 Deltamethrin  14.7 11.8 
Fenvalerate  17.0 11.3 Fenvalerate  10.8 10.0 
τ-Fluvalinate  18.6 8.0 τ-Fluvalinate  12.8 13.9 
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 Figure C1. 1H-NMR for the [VBC16IM][Cl] monomer. 1H NMR (500 MHz, DMSO-d6): 
9.37 (s, 1H), 7.82 (p, 2H), 7.62 – 7.45 (m, 2H), 7.40 (d, 2H), 6.74 (dd, 1H), 5.87 (dd, 1H), 
5.41 (s, 2H), 5.30 (dd, 1H), 4.16 (t, 2H), 1.78 (q, 2H), 1.22 (d, 26H), 0.89 – 0.78 (m, 3H). 
 
  
Figure C2. 1H-NMR for the [VBC16IM][NTf2] monomer. 1H NMR (500 MHz, DMSO-
d6): 9.26 (s, 1H), 7.80 (d, 2H), 7.61 – 7.45 (m, 2H), 7.38 (d, 2H), 6.74 (dd, 1H), 5.87 (dd, 
1H), 5.39 (s, 2H), 5.30 (d, 1H), 4.15 (t, 2H), 1.84 – 1.68 (m, 2H), 1.22 (d, 26H), 0.95 – 
0.74 (m, 3H). 
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 Figure C3. 1H-NMR for the [(VBIM)2C12] 2[Cl] IL crosslinker. 1H NMR (500 MHz, 
DMSO-d6):  9.42 (d, 2H), 7.95 – 7.77 (m, 4H), 7.60 – 7.45 (m, 4H), 7.40 (dt, 4H), 6.74 
(ddd, 2H), 5.87 (d, 2H), 5.43 (d, 4H), 5.31 (dd, 2H), 4.17 (td, 4H), 1.78 (s, 4H), 1.21 (s, 
16H). 
  
 Figure C4. 1H-NMR for the [(VBIM)2C12] 2[NTf2] IL crosslinker. 1H NMR (500 MHz, 
DMSO-d6): 9.28 (dt, 2H), 7.90 – 7.74 (m, 4H), 7.58 – 7.45 (m, 4H), 7.45 – 7.25 (m, 4H), 
6.74 (ddd, 2H), 5.87 (ddd, 2H), 5.41 (d, 4H), 5.31 (ddd, 2H), 4.16 (td, 4H), 1.78 (s, 4H), 
1.23 (d, 16H). 
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       Figure C5. 1H-NMR for the [(VHIM)2C6] [NTf2] IL monomer. 1H NMR (500 MHz, 
CDCl3): 11.21 (s, 1H), 7.86 (s, 1H), 7.55 (m, 1H), 7.49 (s, 1H), 5.98 (s, 1H), 5.38 (s, 1H), 
4.40 (t, 2H), 1.96 (m, 2H), 1.35 (m, 6H), 0.87 (t, 3H) 
 
 
 Figure C6. 1H-NMR for the [(VIM)2C12] 2[Br] IL crosslinker. 1H NMR (500 MHz, d6-
DMSO): 9.55 (s, 2H), 8.22 (s, 2H), 7.95 (s, 2H), 7.30 (m, 2H), 5.97 (d, 2H), 5.42 (d, 2H), 
4.18 (t, 4H), 1.80 (t, 4H), 1.24 (m, 16H). 
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Figure C7. Scanning electron micrograph showing the cross-section of the PIL-based 
sorbent coating (Fiber 1) after approximately 110 extraction cycles. 
 
 
Table C1. ANOVA tables for the compounds ethyl benzene, m-xylene, naphthalene, 
acenaphthene, heptachlor, aldrin, heptachlor epoxide, and fluorene 
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9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
2.132.132.082.122.214.143.212.151.011.041.061.00
 Figure D1. 1H-NMR (d6-DMSO, 600 MHz) spectrum of [HeOHMIM][Cl]: 9.33 (s, 1 H), 
7.82 (t, J = 1.8 Hz, 1 H), 7.75 (t, J = 1.7 Hz, 1 H), 4.50 (br. s., 1 H), 4.17 (t, J = 7.2 Hz, 2 
H), 3.86 (s, 3 H), 3.35 (t, J = 5.7 Hz, 2 H), 1.77 (td, J = 7.5, 14.8 Hz, 2 H), 1.43 - 1.35 (m, 
2 H), 1.33 - 1.25 (m, 2 H), 1.25 - 1.17 (m, 2 H)  
 
ESI-MS: [HeOHMIM]+ at m/z 183.4 
 
 
 
 
 
 
N N
Cl
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175
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
4.802.001.910.612.125.410.950.970.98
 Figure D2. 1H-NMR (d6-DMSO, 600 MHz) spectrum of [BeEOHIM][Br]: 9.31 (s, 1 H), 
7.83 - 7.81 (m, 1 H), 7.78 (t, J = 1.7 Hz, 1 H), 7.44 - 7.37 (ovrlp, 5 H), 5.50 - 5.37 (m, 2 
H), 5.20 (br. s., 1 H), 4.29 - 4.17 (m, 2 H), 3.72 (t, J = 4.6 Hz, 2 H) 
 
ESI-MS: [BeEOHIM]+ at m/z 203.4 
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B. 
  
C. 
  
Figure D3. A. Optimization of [BMIM][Cl] quantity. Concentration of analytes: 100 µg 
L-1; Sample volume: 3 mL; Sample solution pH: 2; IL : LiNTf2 = 1 : 1; Injection volume 
of IL: 5 µL. B. Optimization of [HeOHIM][Cl] quantity. Concentration of analytes: 100 
µg L-1; Sample volume: 3 mL; Sample solution pH: 2; IL : LiNTf2 = 1 : 1; Injection 
volume of IL: 5 µL. MC-RR C. Optimization of [BeEOHIM][Br] quantity. Concentration 
of analytes: 100 µg L-1; Sample volume: 3 mL; Sample solution pH: 2; IL : LiNTf2 = 1 : 
1; Injection volume of IL: 5 µL. MC-RR. ( ), MC-LR ( ). 
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Figure D4. A. Optimization of [BeEOHIM][Cl] quantity without the addition of NaCl. 
Concentration of analytes: 25 µg L-1; Sample volume: 15 mL; Sample solution pH: 2; IL : 
LiNTf2 = 1 : 1; Injection volume of IL: 5 µL. B. Optimization of [BeEOHIM][Cl] 
quantity with the addition of 30% NaCl (w/v). Concentration of analytes: 25 µg L-1; 
Sample volume: 15 mL; Sample solution pH: 2; IL : LiNTf2 = 1 : 1; Injection volume of 
IL: 5 µL. MC-RR ( ), MC-LR ( ). 
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                              Figure E1. Raman spectrum for the [Aliquat+][Cl-] IL  
 
 
 
 Figure E2. Raman spectrum for the [Aliquat+]2[MnCl42-] MIL 
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Figure E3. Raman spectrum for the [P6,6,6,14+][Cl-] IL 
 
 
 
  
Figure E4. Raman spectrum for the [P6,6,6,14+]2[MnCl42-] MIL 
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Figure E5. Raman spectrum for the [N1,8,8,8+][Cl-] IL 
 
 
 
 
 
Figure E6. Raman spectrum for the [N1,8,8,8+]2[MnCl42-] IL 
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Figure E7. UV/Vis spectrum for the [Aliquat+][Cl-] IL. Concentration: 250 mg mL-1; 
Solvent: Acetonitrile. 
 
 
 
  
Figure E8. UV/Vis spectrum for the [Aliquat+]2[MnCl42-] MIL. Concentration: 250 mg 
mL-1; Solvent: Acetonitrile. 
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 Figure E9. UV/Vis spectrum for the [P6,6,6,14+][Cl-] IL. Concentration: 250 mg mL-1; 
Solvent: Acetonitrile. 
 
 
 
  
Figure E10. UV/Vis spectrum for the [P6,6,6,14+]2[MnCl42-] MIL. Concentration: 250 mg 
mL-1; Solvent: Acetonitrile. 
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 Figure E11. UV/Vis spectrum for the [N1,8,8,8+][Cl-] IL. Concentration: 250 mg mL-1; 
Diluent: Acetonitrile. 
 
 
 
  
Figure E12. UV/Vis spectrum for the [N1,8,8,8+]2[MnCl42-] IL. Concentration: 250 mg 
mL-1; Diluent: Acetonitrile. 
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Figure E13. Hydrolysis test for the studied MILs. An amount of 10 mg MIL was added 
to 100 µL of ultrapure water. The pH of the aqueous phase was examined using a 
Hydrion pH test paper after 30 min. (a). Ultrapure water; (b). [P6,6,6,14+][FeCl4-]; (c). 
[Aliquat+]2[MnCl42-]; (d). [N1,8,8,8+]2[MnCl42-], (e). [P6,6,6,14+]2[MnCl42-].  
 
 
 
 
 
 Figure E14. UV absorption comparison for different MILs. Concentration of MIL: 50 µg 
mL-1; Solvent: Acetonitrile. “   ____   ”: [Aliquat+]2[MnCl42-]; “  ____   ”: 
[P6,6,6,14+]2[MnCl42-]; “     ____”: [N1,8,8,8+]2[MnCl42-]; “   ____  ”: [P6,6,6,14+][FeCl4-]. 
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 Figure E15. Optimization of NaCl concentration (w/v) in the sample solution using the 
[Aliquat+]2[MnCl42-] MIL as extraction solvent. (  ) 0%; (  ) 10%; ( )  20%; (  ) 
30%. Concentration of phenanthrene: 125 µg L-1, concentration of other analytes: 500 µg 
L-1; MIL mass: 25 mg; Extraction time: 120 s; Dispersive solvent: 5 µL of methanol.  
 
 Figure E16. Optimization of dispersive solvent using the [N1,8,8,8+]2[MnCl42-] MIL. (  ) 
Acetonitrile, (  ) Methanol, (  ) Acetone. Concentration of phenanthrene: 125 µg L-1, 
concentration of other analytes: 500 µg L-1; MIL mass: 25 mg; Extraction time: 120 s; 
Dispersive solvent volume: 5 µL, NaCl concentration in the aqueous sample: 30% (w/v). 
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 Figure E17. Surface response obtained from the Doehlert design using the 
[N1,8,8,8+]2[MnCl42-] MIL for the optimization of MIL mass and extraction time  
 
 Figure E18. Optimization of dispersive solvent using the [P6,6,6,14+]2[MnCl42-] MIL. (  ) 
Acetonitrile, (  ) Methanol, (  ) Acetone. Concentration of phenanthrene: 125 µg L-1, 
concentration of other analytes: 500 µg L-1; MIL mass: 25 mg; Extraction time: 120 s; 
Dispersive solvent volume: 5 µL, NaCl concentration in the aqueous sample: 30% (w/v). 
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Figure E19. Surface response obtained from the Doehlert design using the 
[P6,6,6,14+]2[MnCl42-] MIL for the optimization of MIL mass and extraction time  
 
 Figure E20. Representative chromatogram obtained for the blank extraction without 
analytes using the [P6,6,6,14+]2[MnCl42-] MIL  
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Figure E21. Representative chromatogram obtained for the enrichment of all analytes at 
0.5 µg mL-1 using the [Aliquat+]2[MnCl42-] MIL. (1) Acetaminophen; (2) 
Sulfamethoxypyridazine; (3) Phenacetin; (4) 2-Nitrophenol; (5) Ketoprofen; (6) 
Hexaflumuron; (7) Phenanthrene; (8) Chlorfenapyr; (9) Flufenoxuron; (10) Fluoranthene; 
(11) Chlorfluazuron; (12) Pyrene; (13) τ-Fluvalinate (The peaks observed from 34-36 
min are impurities present within the fluoranthene standard.)  
 
 Figure E22. Representative chromatogram obtained for the blank extraction without 
analytes using the [Aliquat+]2[MnCl42-] MIL 
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 Figure E23. Representative chromatogram obtained for the enrichment of all analytes at 
0.5 µg mL-1 using the [N1,8,8,8+]2[MnCl42-] MIL. (1) Acetaminophen; (2) 
Sulfamethoxypyridazine; (3) Phenacetin; (4) 2-Nitrophenol; (5) Ketoprofen; (6) 
Hexaflumuron; (7) Phenanthrene; (8) Chlorfenapyr; (9) Flufenoxuron; (10) Fluoranthene; 
(11) Chlorfluazuron; (12) Pyrene; (13) τ-Fluvalinate (The peaks observed from 34-36 
min are impurities present within the fluoranthene standard.)  
 
 
 Figure E24. Representative chromatogram obtained for the blank extraction without 
analytes using the [N1,8,8,8+]2[MnCl42-] MIL 
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Figure E25. The pH of water samples was examined using a Hydrion pH test paper. (a) 
Ultrapure water; (b) Lake water; (c) River water 
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